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ABSTRACT
Haematopoietic stem cell transplantation (HSCT) is established therapy for
primary immunodeficiencies, congenital disorders of the haematopoietic
system and certain forms of leukaemia. Donor I cells present in the graft are
known to mediate a number of beneficial effects including protection against
graft rejection, antiviral immunity and anti-leukaemic activity. However, I
cells also mediate graft versus host disease (GVHD), which can be a major
cause of morbidity and mortality following allogeneic HSCT. The routine
depletion of T cells from the graft has greatly reduced the incidence and
severity of GVHD, but can result in a loss of graft potency and prolonged
periods of immunodeficiency. One strategy that aims to harness I cells for
their beneficial properties and eliminate them in the event of GVHD involves
the ex-vivo modification of donor I cells to carry the Herpes Simplex Virus
thymidine kinase suicide gene. Such genetically modified I cells (GM-T) are
rendered sensitive to elimination when exposed to the anti-viral prodrug.
Ganciclovir.
This study has adopted recently described hybrid murine retroviral
vectors to deliver the HSVTK gene, or an improved analogue HSVTKSR39,
into leukaemic T cells and primary T cells. Selection of modified I cells
based on the co-expression of cell surface marker proteins resulted in highly
enriched populations of I cells. In vitro, the HSVTKSR39 mutant gene was
superior to the wild type HSVTK as a I cell suicide gene when used in
combination with both Ganciclovir and Aciclovir. A model of human T cell
xeno-engraftment in immunodeficient mice was employed to test the efficacy
of the mutant suicide gene system in vivo.
The impact of T cell activation on phenotype and function was
investigated. Changes in subset distribution and activation markers were
demonstrated, although the T cell receptor repertoire remained unchanged. T
cells were highly activated after the transduction procedure and were prone
to exhaustion during functional assays involving exposure to antigen pulsed
dentritic cells.

ACKNOWLEDGEMENTS

Action Research kindly sponsored this project through a research
training fellowship. I am in debt to a number of individuals who deserve
special acknowledgement;- Bobby Gaspar for his industrious efforts, wise
counsel

and

bellyfuls of laughter;

Adrian Thrasher for

his focused

encouragement and clear thinking; Christine Kinnon for her generous
support. Many others at the Molecular Immunology Unit have also been
generous with their time and help at various stages of the study, including Jo
Buddie, Doug King, Kate Parsley, Gaby Brouns, Mike Blundell, Sophia
DeNorha, Ajay Mistry, Mahesh D’Alwis. Thanks also to Stephanie Verfurth at
University College Hospital, Margaret Black at the Washington State
University, and Manuel Grez at the University of Frankfurt.
Finally, heartfelt thanks to Sahar for her patience, support and
kindness whilst I completed this thesis.

TABLE OF CONTENTS
ABSTRACT......................................................................................................................................2
ACKNOWLEDGEMENTS.............................................................................................................. 3
TABLE OF CONTENTS

.............................................................................................................. 4

LIST OF FIGURES.......................................................................................................................... 8
LIST OF TABLES......................................................................................................................... 11
ABBREVIATIONS......................................................................................................................... 12

CHAPTER 11NTRODUCTION
1.1. ALLOGENEIC HAEMATOPOIETIC STEM CELL TRANSPLANTATION...................... 17
1.1.1. GRAFT VERSUS HOST DISEASE.................................................................................17
1.1.2. CURRENT STRATEGIES TO PREVENT G VHD........................................................... 22
1.1.3. CURRENT TREATMENTS FOR THE MANAGEMENT OF G V H D ............................. 22
1.2.1. DEPLETION OF DONOR T CELLS FROM ALLOGENEIC GRAFTS......................... 23
1.2.2. GRAFT FAILURE FOLLOWING T CELL DEPLETION.................................................24
1.2.3. DELAYED IMMUNE RECONSTITUTION....................................................................... 25
1.2.4. RELAPSE OF LEUKAEMIA............................................................................................. 25
1.3.1. SUICIDE G ENES............................................................................................................... 29
1.3.2. BYSTANDER SUICIDE GENE EFFECTS....................................................................... 32
1.3.3. IMPROVED MUTANT HSVTK SUICIDE G ENES.......................................................... 32
1.4.SUICIDE GENE TRANSFER.................................................................................................33
1.4.2. RETROVIRAL VECTORS..................................................................................................36
1.4.3. PACKAGING CELL LINES & THE PRODUCTION OR VIRUS....................................37
1.5.1. ANIMAL STUDIES............................................................................................................. 43
1.5.2. CLINICAL TRIALS OF T CELL SUICIDE GENE THERAPY........................................ 45
STATEMENT OF AIMS................................................................................................................ 50

CHAPTER 2: MATERIALS & METHODS
2.1. BUFFERS AND SOLUTIONS...............................................................................................52
2.2. MEDIA AND SOLUTIONS FOR TISSUE CULTURE........................................................ 53
2.3. QUANTIFICATION OF NUCLEIC A C ID S .......................................................................... 53
2.4. TRANSFORMATION OF PLASMID DNA BY ELECTROPORATION.............................53
2.5. PLASMID DNA PURIFICATION.......................................................................................... 54
2.6. CRYOPRESERVATION OF BACTERIAL CULTURES.................................................... 54
2.7. ENZYME DIGESTION OF PLASMID D N A ........................................................................ 54
2.8. AGAROSE GEL ELECTROPHORESIS............................................................................. 55
2.9. GEL PURIFICATION OF DNA FRAGMENTS.................................................................... 55

2.10. DNA LIGATION................................................................................................................... 55
2.11. GENERATION OF RETROVIRAL PLASMIDS................................................................56
2.12. CELL LINES USED............................................................................................................. 57
2.13. PRIMARY T CELL CULTURE........................................................................................... 58
2.14. CELL COUNTING............................................................................................................... 58
2.15. CELL CRYOPRESERVATION AND THAWING.............................................................. 58
2.16. GENERATION OF VIRAL SUPERNATANT.................................................................... 58
2.17. FLOW CYTOMETRIC ANALYSIS.....................................................................................59
2.18. RETROVIRAL TRANSDUCTION OF T CELLS...............................................................61
2.19. ENRICHMENT OF TRANSDUCED CELL POPULATIONS........................................... 61
2.20. DETECTION OF TRANSGENES BY POLYMERASE CHAIN REACTION..................62
2.21. DETECTION OF HSVTK AND HSVSRTK39 BY WESTERN BLOTTING....................63
2.22. AUTORADIOGRAPHY.......................................................................................................64
2.23. ASSESSMENT OF SUICIDE GENE FUNCTION............................................................ 64
2.24. MIXED LYMPHOCYTE REACTIONS............................................................................... 65
2.25. CFSE TRACKING OF T CELL TRANSDUCTION.......................................................... 65
2.26. SPECTRATYPING OF THE T CELL V(3 REPERTOIRE.................................................65
2.27. GENERATION OF CYTOMEGALOVIRUS SPECIFIC T CELLS...................................66
2.28. CYTOTOXICITY ASSAYS................................................................................................. 67
2.29. ANIMAL STUDIES.............................................................................................................. 67
2.30. CONFOCAL MICROSCOPY IMAGING............................................................................ 68

CHAPTER 3: GENERATION OF RETROVIRAL VECTORS
3.1.

INTRODUCTION................................................................................................................. 70

3.1.1

RETROVIRAL VECTOR PLASMID.................................................................................70

3.1.2. PACKAGING SYSTEMS.................................................................................................. 71
3.2. RESULTS............................................................................................................................... 75
3.2.1. GENERATION OF RETROVIRAL VECTORS................................................................75
3.2.2. GENERATION OF PACKAGING CELL LINE CLONES................................................79
3.2.3. ESTIMATION OF VIRAL TITRES.....................................................................................79
3.2.3. TESTING THE ENCEPHALOMYOCARDITIS 1RES FUNCTION.................................84
3.2.4. DETECTION OF TRANSGENES AND TRANSGENE PRODUCTS IN TRANSDUCED
CELLS............................................................................................................................................ 86
3.2.5. STABILITY OF LONG TERM TRANSGENE EXPRESSION IN T CELL LINES

86

3.3.DISCUSSION

90

CHAPTER 4: RETROVIRAL TRANSDUCTION OF T CELLS
4.1. INTRODUCTION....................................................................................................................94
4.2. RESULTS............................................................................................................................... 96
4.2.1. GENE TRANSFER FACILITATORS................................................................................96
4.2.2. COMPARISON OF T CELL TRANSDUCTION BY HYBRID RETROVIRAL
CONSTRUCTS.............................................................................................................................. 96
4.2.4. PRESTIMULATION OF PRIMARY LYMPHOCYTES.................................................... 97
4.2.5. ROLE OF IL-2 SUPPLEMENTATION............................................................................104
4.2.6. DETECTION OF HSVTK TRANSGENE AND PROTEIN IN PRIMARY T CELLS . 10 4
4.3. DISCUSSION....................................................................................................................... 107

CHAPTER 5: MUTANT HSVTK SUICIDE GENE FUNCTION
5.1. INTRODUCTION..................................................................................................................112
5.1.1 MUTANT HSVTK WITH ENHANCED FUNCTION........................................................ 112
5.1.2. TRUNCATED CD34/HSVTKSR39 AS BIFUNCTIONAL SELECTION AND SUICIDE
SYSTEM....................................................................................................................................... 114
5.2. RESULTS..............................................................................................................................115
5.2.1. TESTING MUTANT HSVTK FUNCTION....................................................................... 115
5.2.2 SPLICE VARIANTS OF HSVTK WERE NOT DETECTED.......................................... 119
5.2.3. TRUNCATED CD34/HSVTKSR39 FUSION PROTEIN................................................121
5.2.4. SUICIDE GENE FUNCTION IN PRIMARY T CELLS................................................... 125
5.3.

DISCUSSION.....................................................................................................................127

5.3.1. ENHANCED FUNCTION OF HSVTKSR39................................................................... 127
5.3.2. RESISTANCE PHENOMENA IN HSVTK TRANSDUCED CELLS.............................128
5.3.3. tCD34/TKSR39 FUSION CONSTRUCT........................................................................ 129

CHAPTER 6: GENETICALLY MODIFIED HUMAN T CELLS IN
IMMUNODEFICIENT MICE
6.1. INTRODUCTION..................................................................................................................134
6.1.1. HUMAN T CELL ENGRAFTMENT IN MICE................................................................. 134
6.2. RESULTS..............................................................................................................................135
6.2.1. ENGRAFTMENT OF TRANSDUCED AND NON-TRANSDUCED M0LT4 T CELLS
FOLLOWED BY GCV THERAPY..............................................................................................136
6.2.2. COMPARISON OF HSVTKWT AND HSVTKSR39 IN COMBINATION WITH
VALACICLOVIR IN V IV O .......................................................................................................... 139
6.2.2 ANALYSIS OF TRANSDUCED M0LT4 T CELLS IN VITRO AFTER IN VIVO
ENGRAFTMENT......................................................................................................................... 143
6.3. DISCUSSION....................................................................................................................... 143

CHAPTER 7: IMAPACT OF TRANSDUCTION PROCEDURES ON T
CELLS
7.1. INTRODUCTION................................................................................................................. 148
7.2. RESULTS............................................................................................................................. 149
7.2.1. TRACKING CELL DIVISION USING CFSE STAINING...............................................149
7.2.2. CHANGES IN T CELL PHENOTYPE THROUGH TRANSDUCTION........................ 149
7.2.3. ANALYSIS OF T CELL RECEPTOR V(3 REPERTOIRE..............................................152
7.2.4. T CELL PROLIFERATION AFTER TRANSDUCTION................................................152
7.2.5. ANTI-CMV T CELL RESPONSES AFTER TRANSDUCTION.................................... 155
7.3.

DISCUSSION.................................................................................................................... 157

7.3.1. STUDIES OF T CELL PHENOTYPE AFTER TRANSDUCTION................................157
7.3.2. ANALYSIS OF THE T CELL REPERTOIRE.................................................................158
7.3.3. RETROVIRAL TRANSDUCTION AND EFFECTS ON T CELL FUNCTION.............159

CHAPTER 8: DISCUSSION
8.1. HYBRID RETROVIRAL VECTORS AND SELECTABLE MARKERS......................... 164
8.2. IMPROVING HSVTK SUICIDE GENE PERFORMANCE...............................................166
8.3. PHENOMENA OF RESISTANCE TO GCV...................................................................... 167
8.4. ALTERNATIVE SUICIDE GENE SYSTEMS.................................................................... 168
8.5. IMPACT OF ACTIVATION AND CULTURE ON T CELLS.............................................169
8.6.COULD GENE TRANSFER BE ACHIEVED WITHOUT PREACTIVATION OF T
CELLS?........................................................................................................................................170
8.7. TESTING T CELL SUICIDE GENES IN ANIMAL MODELS...........................................172
8.8. STRATEGIES FOR THE CLINICAL USE OF T CELL SUICIDE................................... 173
8.9. THE DILEMMA OF CMV INFECTION AND HSVTK SUICIDE G ENES....................... 175
8.10. TRANSFER OF SUICIDE GENES TO VIRUS SPECIFIC C TLS .................................176
8.11. ISSUES OF SAFETY AND THE CLINICAL USE OF GM-T C E LLS .......................... 176
8.12. ALTERNATIVE APPROACHES FOR GVHD PREVENTION IN ALLOGENEIC
TRANSPLANTATION................................................................................................................ 177
8.12.1. COSTIMULATORY BLOCKADE..................................................................................177
8.12.2. DEPLETION OF ALLOREACTIVE T CELLS..............................................................178

PAPERS AND PRESENTATIONS ARISING FROM THIS WORK

202

LIST OF FIGURES
Figure
1.1

Page

1.2

Factors influencing graft versus host disease following
allogeneic HSCT
Summary of the pathogenesis of acute GVHD

21

1.3

Graft versus leukaemia effects

26

1.4

The T cell dilemma in allogeneic HSCT

28

1.5

The HSVTK and Ganciclovir enzyme:prodrug system

30

1.6

Life cycle of wild type retroviruses

38

1.7

Principles of retroviral packaging systems

39

1.8

Principles of hybrid retroviral design

40

1.10

Moloney MLV based retroviral vectors that have been used in
clinical studies.

49

3.1

Schematic for the generation of stable packaging lines

74

3.2

Retroviral plasmid maps & restriction digestion analysis

76

3.3

Production of PG13 packaging cell lines

80

3.4

Single cell sorting of PG13 cell lines

81

3.5

Single cell sorting of FLY-RD18 cell lines

82

3.6

Estimation of the viral titres on HeLa cells

83

3.7

Integrity of the ECMV-IRES function

85

3.8

Detection of the HSVTK transgene product

87

3.9

Stability of transgene expression in long term Jurkat T cell
cultures
Summary of vectors used in this study

88

3.10

21

89

8

4.1

Transduction of leukaemic T cells

99

4.2

Selection of M0LT4 T cells using magnetic bead selection

100

4.3

Western blot analysis of MOLT 4 T cells

100

4.4

Transduction of primary T cells

101

4.5

Optimising the length of prestimulation of primary T cells

102

4.6

Transduction of CD4 and CD8 T cell subsets

103

4.7

Titration of rlL2 supplementation

105

4.8

Expansion of T cells during the transduction procedure

105

4.9

Detection of HSVTK in primary T cells

106

4.10

Schemata for the protocol adopted for primary T cell
transduction

110

5.1

Mutant HSVTK enzymes

113

5.2

Comparison of HSVTKSR39 and HSVTKwt in HeLa cells

117

5.3

Comparison of HSVTKSR39 and HSVTKwt in M0LT4 T cells

118

5.4

Non detection of a truncated HSVTK species

120

5.5
5.6

Detection of tCD34/HSVTKSR39 in HeLa cells using Western
blot analysis
Function of tCD34/HSVTKSR39 fusion suicide gene

5.7

Confocal microscopy of transduced HeLa cells

124

5.8

Suicide gene function in primary T cells

126

6.1

Engraftment of M0LT4 T cells and attempted GCV rescue

137

6.2

Histology of engraftment of M0LT4 leukaemic T cells in the
spleens of immunodeficient mice

138

6.3

Flow cytometric analysis of spleen cell suspensions

138

122
123

6.4

M0LT4 T cell engraftment in combination with early
Valaciclovir therapy

141

6.5

Cultures of spleens for out-growth of M0LT4 T cells and
suicide gene function in recovered cells

142

7.1

CFSE tracking of T cell division through transduction

150

7.2

Changes in the phenotype of transduced populations

151

7.3

Analysis of the effect of transduction on the T cell receptor Vp
repertoire
Continuing T cell proliferation after transduction.

153

7.4
7.5

The generation of CMV specific CTLs from seropositive
donors using transduced I cells

8.1

Strategies for the use of HSVTK transduced T cells and GCV
in allogeneic HSCT

154
156

174

10

LIST OF TABLES
Table

Page

1.1

Grading of GVHD

18

1.2

Alternative suicide gene systems

31

1.3

Methods of gene delivery

34

2.1

List of cell lines and optimal media

57

2.2

Isotype control antibodies and Fc block

59

2.3

Antibodies used for flow cytometry

60

2.4

Magnetic bead conjugated antibodies

62

2.5

Antibodies used for Western blot analysis

64

2.6

Antibodies used for confocal microscopy staining

68

3.1

Summary of packaging cell line characteristics

72

3.2

Estimated titres of packaging cell lines

84

5.1

Summary of IC50 for HSVTKwt and HSVTKSR39

116

6.1

Analysis of M0LT4 T cell engraftment in spleens of mice after
attempted GCV rescue

139

11

ABBREVIATIONS
7-AAD

7-Aminoacintomycin D

ACV

Aciclovir

ARC

Antigen presenting cell

APS

Ammonium persulphate

ATP

Adenosine triphosphate

BMT

Bone marrow transplantation

bp

Base pair(s)

BSA

Bovine serum albumin

CD

Cytosine deaminase

cDNA

Complementary DNA

CFSE

Carboxy-fluorescein diacetate succinimidyl ester

CTL

Cytotoxic T lymphocyte

dH20

Distilled water

DC

Dendritic cell

DLA

Dog leukocyte antigen

DU

Donor leukocyte infusion

DMEM

Dulbecco's Modified Eagle medium

DMSG

Dimethyl sulphoxide

DNA

Deoxyribonucleic acid

ECL

Enhanced chemiluminescence

E.coli

Escherichia coli

EDTA

Ethylenediaminetetraacetic acid

ELISA

Enzyme linked immunosorbent assay

FACS

Fluorescence activated cell sorting

FCS

Fetal calf serum

FITC

Fluorescein isothiocyanate

GCV

Ganciclovir

GM-CSF

Granulocyte macrophage cell stimulating factor

GM-T cell

Genetically modified T cell

HAS

Human albumin suspension

12

MRP

Horseradish peroxidase

HSCT

Haematopoietic stem cell transplantation

HSVTK

Herpes Simplex Virus thymidine kinase

HSVTKwt

HSVTK wild type

HSV-TKSR39

HSVTK mutant type SR39

IL-2

Interleukin-2

IL-4

Interleukin-4

IL-7

Interleukin-7

kb

Kilobases

kDa

Kilodaltons

KLH

Keyhole Limpet Haemocyanin

LB

Luria-Bertani

LDH

Lactate dehydrogenase

ALNGFR

Truncated low affinity nerve growth factor receptor

mAb

Monoclonal antibody

MDR

Multi-drug resistance

MHC

Major histocompatibility complex

MLV

Murine leukaemia virus

MOI

Multiplicity of infection

MRP

Multi-drug resistance associated protein

MTT

3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide

NK

Natural killer cell

CD

Optical density

PAGE

Polyacrylamide gel electrophoresis

PBS

Phosphate buffered saline

PFA

Paraformaldehyde

PHA

Phytohaemagglutinin

RN

Retronectin

RNA

Ribonucleic acid

rpm

Revolutions per minute

RT

Room temperature

13

SDS

Sodium dodecyl sulphate

TAE

Iris acetate EDTA

tCD34

Truncated CD34

TCR

T cell receptor

TE

Tris/EDTA buffer

TEMED

N, N, N', N'-tetramethylethylenediamine

Iris

2-amino-2-[hydroxymethyl]-1,3 propandiol

Tween 20

Polyethylene-sorbitan monolaurate

UV

Ultraviolet

VCV

Valaciclovir

VEGF

Vascular endothelial growth factor

v/v

Volume to volume

w/v

Weight to volume

14

Single letter amino acid code
Alanine

Ala

A

Arginine

Arg

R

Asparagine

Asm

N

Aspartic acid

Asp

D

Cysteine

Cys

0

Glutamic acid

Glu

E

Glutamine

Gin

Q

Glycine

Gly

G

Histidine

His

H

Isoleucine

lie

I

Leucine

Leu

L

Lysine

Lys

K

Methionine

Met

M

Phenylalanine

Phe

F

Proline

Pro

P

Serine

Ser

S

Threonine

Thr

I

Tryptophan

Trp

W

Tyrosine

Tyr

Y

Valine

Val

V

15

CHAPTER 1
INTRODUCTION

16

CHAPTER 1__________________________________________ INTRODUCTION

1.1. ALLOGENEIC HAEMATOPOIETIC STEM CELL TRANSPLANTATION
Allogeneic haematopoietic stem cell transplantation (HSCT) is used to
treat a wide range of primary immunodeficiencies, haematological disorders
and certain metabolic conditions. A number of haematological and other
malignancies are also amenable to treatment by allogeneic transplantation,
and

it is estimated that approximately

18,000 patients/year undergo

allogeneic transplantation (Appelbaum, 2001). Approximately one third of
patients have a HLA matched sibling donor, and although matched unrelated
volunteer donors are now available for upto 75% of Northern Europeans, the
process is time consuming and matches are much more difficult to achieve
for patients from other backgrounds. Haploidentical family donors are
available for most patients, but major immunological disparities between the
donor and recipient may give rise to graft versus host disease (GVHD),
causing significant morbidity or mortality and thus the wider application of
HSCT has been limited.
1.1.1 GRAFT VERSUS HOST DISEASE
Graft versus host disease was described in the 1960’s as a secondary
complication in animal models of bone marrow transplantation (Barnes et al,
1962). At the time a number of concepts relating to the understanding of the
biology of graft-versus-host reactions were established, and Billingham
summarized the conditions under which a graft might be capable to initiating
an immunological reaction against the host. (Billingham, 1966).
i.

The graft must contain immunologically competent cells

ii.

The host must possess important transplantation isoantigens that
are lacking in the graft donor

iii.

The host must be incapable of mounting an effective
immunological reaction against the graft; ie the graft must have
some security of tenure.

These conditions have remained largely intact over time and it is now well
established that the immunologically competent cells in the graft are T
lymphocytes. As it has not been possible to clearly identify subsets of T cells
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involved in GVHD, approaches to manage this complication have been
aimed at the non-specific suppression or removal of donor I cells. Later in
this chapter, the benefits and disadvantages in the manipulation of I cell
immunity are outlined. The concept of using gene transfer techniques to
modify donor I

cells to carry a suicide mechanism and the recent

deployment of these strategies in clinical trials is described. The technology
involved and recent advances that could be incorporated into T cell suicide
gene therapy approaches are considered.

Acute GVHD usually arises within 2 months of allogeneic HSCT and is
graded on the basis of skin, liver and gastrointestinal involvement (Table 1.1)
There are usually characteristic histologically identifiable changes, including
mononuclear infiltrates, architectural disruption and cell death (Ferrara et al,
1997). Despite pharmacological immunosuppression to protect against
GVHD, moderate to severe GVHD has been reported in 25-60% of matched
related transplants, and 45-70% of matched unrelated HSCT (Ho & Soiffer,
2001 ).

Table 1.1 Grading of GVHD (Adapted from Socie & Cahn, 1998)
SBR, Serum bilirubin (pmol/L); LPT, liver function tests
Grade

IV

Skin

Liver

Gut

<25% surface area

SBR<20

Normal

20-50% surface area

SBR 20-50

Diarrhoea +

Erythroderma

SBR >50

Diarrhoea ++/+++

Erythroderma, bullae,
desquamation

With TLFTs

With pain +/- ileus
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GVHD is termed as chronic 100 days after transplantation, and may
present with a variety manifestations, involving virtually any organ system.
Common complications include lichenoid changes of the skin and mucous
membranes,

autoimmune

phenomena,

haematological

cytopaenia

and

cellular and humoral immunodeficiency (Vogelsang, 2001).
Risk factors for GVHD include Human Leukocyte Antigen (HLA)
disparity, increasing age, viral infections, reduced immunosuppression and
the nature of the primary condition (Figure 1.1).

The importance of HLA

matching, T cell depletion and immunosuppression are considered below.
Female

donors

are

occasionally

sensitized

to

Y-antigen

minor

histocompatibility antigens and in some studies have been associated with a
higher relative risk of subsequent GVHD (Gale et a/. 1987). Older patients
may present an increased risk of acute GVHD and this may reflect a reduced
potential for effective thymic education of I cells and a greater likelihood of
pathogen colonization. Donor and recipient seropositivity to Cytomegolvirus
(CMV), Herpes Simplex Virus (HSV) or Epstein Barr Virus (EBV) has been
linked to increased GVHD, though the mechanisms involved are not entirely
clear (Ferrara et al, 1997).
There may be an increased risk of GVHD following peripheral blood
stem cell therapy (PBSCT) compared to BMT, although the issue remains
controversial (Korbling & Anderlini, 2001). Meta-analyses have suggested
that the relative risk of acute GVHD is 1.13 and chronic GVHD is 1.5 for
PBSCT compared to BMT, and this probably reflects the increased number
of T cells carried in peripheral harvests (Cutler et al, 2001).

Most single

studies lack the statistical power to detect small differences in the incidence
of GVHD, and the issue is clouded by differences in conditioning regimens,
supportive care and scoring systems used to grade GVHD.

The pathogenesis of GVHD is complex (and is reviewed in depth by
(Ferrara et al, 1997), but the central role of donor T cells is well established
(Figure 1.2). Pre-transplant conditioning procedures initiate inflammatory
processes leading to cytokine release and up-regulation of adhesion
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molecules and MHC class II molecules in the recipient. This enhances the
allo-activation of donor helper T cells, leading to the recruitment of cytotoxic
I cells, natural killer cells, and mononuclear cells. Cytokines such as IL-1
and TNFa mediate pathogenesis by inducing cellular damage and further
inflammation. Donor I cells may be directly activated by host derived antigen
presenting cells (APGs) or donor derived APCs that cross-present host
antigens. In particular, the critical role of host derived dendritic cells in
initiating GVHD has been demonstrated in murine models of allogeneic
HSCT (Shlomchik et a/. 1999). APCs provide crucial co-stimulatory signals
leading to T cell cytokine production. Thi cytokines (Interferon-y and IL-2) are
important mediators of acute GVHD, whereas under certain circumstances
Th 2 cytokines (such as IL-4) may suppress GVHD (Teshima & Ferrara,
2002 ).

Although GVHD classically occurs in the allogeneic setting, there have
been occasional reports of similar complications following syngeneic or
autologous HSCT. In this context, it appears that the breakdown of both
thymic and peripheral tolerance mechanisms leads to the generation of
autoreactive T cells. The use of immunosuppressive agents such as
Cyclosporin is thought to interfere with the process of thymic education and
the deletion of auto-reactive clones. In subjects who also have disrupted
peripheral regulatory pathways following preparatory conditioning regimens,
this leads to anti-host reactions that are usually directed against the
cutaneous tissues but may occasionally involve solid organs (Ferrara et al,
1997)
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Figure 1.1. Factors influencing graft versus host disease following allogeneic HSCT.
The degree of HLA disparity between the donor and host is the most important factor in
determining the risk of GVHD. The risk of GVHD is greater in older patients and those with
a history of viral infections (in particular CMV, EBV or HSV). Multiparous female donors
and those seropositive for viral infections are more likely to be associated with GVHD. The
choice of conditioning regimen, use of T cell depletion and extent of immunosuppression
are important procedure related variables which can be tailored to individual requirements.
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Figure 1.2. Summary of the pathogenesis of acute GVHD
Preparatory regimens stimulate the production of inflammatory cytokines including TNFa,
IL-1 and IL-6, leading to enhanced activation of of donor T cells by host APCs. Th^ cells
release IL-2 and IFNy and activate cytotoxic T cells, NK cells and macrophages, leading
to a cellular anti-host response. Macrophages are also activated by lipopolysaccharide
(LPS) released from the gut tissue, releasing more cytokines and perpetuating the
inflammatory response.(Adapted from Ferrara et al, 1997)
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1.1.2 CURRENT STRATEGIES TO PREVENT GVHD
HLA compatibility strongly influences both the likelihood of sustained
engraftment and the risk of developing GVHD. As HLA-matched family
donors are often not available, mismatched family donors and matched
unrelated volunteer donors are increasingly being considered, and present
an increased likelihood of GVHD (Erlich et al, 2001). It has been calculated
that the risk of acute GVHD using a fully HLA-matched unrelated donor
equates to a one antigen mismatched related donor, and a one antigen
mismatched unrelated donor equates to a two antigen mismatched related
donor (Ferrara at al, 1997). A number of immunosuppressive agents are
used for prophylaxis against T cell mediated adverse effects, including
Methotrexate, Cyclosporin, Tacrolimus and Mycophenylate Mofetil. Steroids
are widely used both as prophylaxis and treatment of GVHD having potent
anti-inflammatory and immunosuppressive effects. Depletion of T cells from
the donor graft is the most effective way to reduce GVHD, but is also
associated with a number of adverse effects, and is discussed in detail
below. The likelihood of GVHD can be reduced if the intensity of the
conditioning regimen is reduced, for example by using non-myeloblative
transplants. Less toxic preparative regimens are associated with reduced
tissue damage and cytokine release, and residual host T cells counter donor
T cell mediated effects (Storb at al, 2001).

1.1.3. CURRENT TREATMENTS FOR THE MANAGEMENT OF GVHD
Treatment of GVHD is centred on the use of immunosuppressive
agents, such as Prednisolone and Cyclosporin. Most mild cases of acute
GVHD respond well to a course of Prednisolone, in association with
adequate serum concentrations of Cyclosporin (Socie & Cahn, 1998). High
dose Prednisolone may be required for more severe cases, and occasionally
treatment with Anti-Thymocyte Globulin (ATG) is used. The use of such
agents to control GVHD is associated with infective complications, delayed
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reconstitution and prolonged periods of immunodeficiency (Ferrara et al,
1997)
Chronic GVHD is also treated with Prednisolone and Cyclosporin,
although a number of alternative agents are available for resistant cases. For
example,

in

some

patients

Thalidomide

is

an

effective

alternative

immunosuppressant treatment for GVHD and occasionally skin GVHD has
been managed with a combination of psoralen and ultraviolet radiation
(Vogelsang, 2001).

1.2.1. DEPLETION OF DONOR T CELLS FROM ALLOGENEIC GRAFTS
The most effective strategy to prevent GVHD is the depletion of donor
T cells (Korngold & Sprent, 1978). This can be achieved through the in vivo
use of monoclonal antibodies such as CAMPATH-1H (Kottaridis at si, 2000).
Alternatively, the graft can be largely depleted of T cells if HSC are selected
using peripheral blood harvest devices, or CD34 based magnetic bead
selection systems (Ho & Soiffer, 2001). Patients transplanted with unmodified
whole marrow typically receive around 10^ T cells/kg. GVHD is unlikely if the
inoculum has less than 8x10^ CDS'" cells/kg (Aversa at ai, 1998) and is more
likely to be encountered above 5x10^ CDS'" cells/kg (Ho & Soiffer, 2001).
Direct comparisons between studies reporting varying rates of GVHD are
difficult

because

of

differences

in

methodology,

immunosuppressive

regimens, and the underlying conditions being treated. For example, in HLA
identical sibling transplantation the incidence of grade ll-IV acute GVHD has
recently been reported at between 4 and 11% following TCD transplantation
(Hale at ai, 2000). The International Bone Marrow Registry (IBMTR) reported
data from 1868 leukaemia patients undergoing unrelated or HLA mismatched
transplants and found GVHD rates of around S5% for TCD, and 57% for T
cell replete grafts (Champlin at ai, 2000). Others have reported that the
incidence of GVHD in the HLA mismatched setting, using TCD grafts
combined with post transplant immunosuppression of around 16% (HensleeDowney at ai, 1997) and, in one series, there were no cases of significant
GVHD (Aversa at ai, 1998). The incidence of hepatic and pulmonary
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dysfunction (independent of GVHD) following TCD transplantation is also
reduced compared to I cell replete transplantation, and this may be a
reflection of the deleterious effects of medications used for preventing GVHD
(Ho & Soiffer, 2001).
Despite

the

advantages

of TCD

in

preventing

GVHD,

organ

dysfunction, and transplant related mortality, it is uncertain whether overall
survival outcomes improve following TCD. Limitations associated with TCD
include delayed immune reconstitution, graft failure, relapse of malignancy
and infective complications including EBV-associated lymphoproliferative
disease. These are discussed below, and attempts to limit the adverse
consequences of TCD by the subsequent infusion of donor lymphocyte
populations are considered.

1.2.2 GRAFT FAILURE FOLLOWING T CELL DEPLETION
Graft failure may be an immediate, immune mediated rejection
phenomenon or may occur following partial engraftment within the first two
weeks of transplantation. Delayed graft failure can arise after several months
and may be associated with donor-recipient sex disparity, older age, viral
infection and absence of immunosuppression (Ho & Soiffer, 2001). Graft
failure using non-TCD allogeneic HSCT was historically less than 5% in
leukaemia patients (Beatty et al, 1985; Powles et ai, 1983). One large
retrospective analysis in 1991 estimated that in HLA-identical transplants in
leukaemic patients there may be a nine fold increased risk of graft failure for
TCD compared to T cell replete transplantation between HLA identical
siblings (Marmont et ai, 1991). In another report, approximately 30% of
patients transplanted with T cell depleted mismatched marrow from a related
donor suffered graft failure (Ash et ai, 1991). Graft failure most likely arises
because residual host lymphocytes are able to eliminate populations of donor
cells. Donor T cells would usually protect the graft by removing any host
lymphoid cells that may have survived the conditioning procedure, and this
effect is lost in T cell depleted grafts. Approaches aimed at preventing graft
failure include the use of more intensive pre-transplant immunosuppression.
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larger doses of donor stem cells and less complete I cell depletion (Ferrara
et al, 1997).

1.2.3. DELAYED IMMUNE RECONSTITUTION
Transplantation is followed by a period of immunodeficiency often
complicated by life threatening infections. Recovery of lymphoid cells
following allogeneic HSCT is usually sequential, with NK cells emerging
within 3 weeks, followed by B cells (3-6months) and T cells (3-12months)
(Barrett & Treleaven, 1998). Regeneration of the I cell pool is known to
occur via both thymic and non-thymic pathways. Studies in mouse models
have indicated that in recipients without a thyrnus, the T cell pool can
regenerate exclusively from peripheral expansion of memory phenotype
donor T cells (Mackall et al, 1993). The CDS compartment usually expands
preferentially and the CD4:CD8 ratio may be inverted for many months after
transplantation. Recovery in TOD grafts is delayed in comparison to
unmanipulated grafts (Keever et al, 1989), and the repertoire limited (Roux et
al, 1996) and functionally impaired (Soiffer et al, 1990). The impaired
reconstitution of cellular immunity in the post transplant period results in an
increased risk of viral infections and associated complications. For example,
the relative risk of Epstein Barr Virus (EBV) associated lymphoproliferative
disease (LPD) is estimated to be up to seven times greater in recipients of
HLA identical T cells depleted grafts compared to unmodified transplants
(Zutter et al, 1988; Gerritsen et al, 1996). The observation that infusions of
donor lymphocytes can induce remission in some patients (Papadopoulos et
al, 1994) and EBV-specific T cells can be generated ex-vivo and used to treat
such infections (Rooney et al, 1998; Gustafsson et al, 2000) underlines the
importance of a rapid recovery of T cell immunity.

1.2.4. RELAPSE OF LEUKAEMIA
Patients who have undergone HSCT for malignancy may suffer
relapse of the primary condition. There is a 5 fold increased risk of relapse
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after TCD transplantation for Chronic myeloid leukaemia (CIVIL) compared to
non-TCD transplantation (Goldman et al, 1988a; Marmont et al, 1991),
although this is less pronounced in the unrelated donor setting (Hessner et
al, 1995). Data from 2,254 patients receiving Hl_A-identical sibling transplants
for Acute myeloid leukaemic (AML), and Acute Lymphoblastic Leukaemia
(ALL) in first remission and CML illustrated the effects of I cell depletion on
the likelihood of relapse and confirmed the importance of I cells in mediating
the Graft versus leukaemia (GVL) effect (Figure 1.3, Horowitz et al, 1990)

Figure 1.3. Evidence for the graft versus leukaemia effect.
The actuarial probability of relapse after BMT for early leukaemia
according to the type of graft and the development of GVHD 2,254
patients undergoing HLA-identical sibling BMT for early phase AML,
ALL or CML were studied on the basis of T cell depleted, non T cell
depleted and identical twin allografts following comparable pre
transplant anti-leukaemia therapies. Patients developing acute and
chronic GVHD had the lowest relapse rates. In contrast, genetically
identical twins and patients receiving T cell depleted grafts were most
likely to relapse (adapted from Horowitz et al. 1990).
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The pre-emptive infusion of donor T cells in the early post transplant period
to support anti-tumour effects has been hampered by a high incidence of
GVHD but later donor lymphocyte infusions (DLI), following relapse, have
been more successful. A number of malignancies are susceptible to GVL
effects of donor lymphocytes. Most notably, DLI can achieve durable
remission in patients with chronic myeloid leukaemia (CML) who relapse into
chronic phase disease after allogeneic HSCT (Kolb et al, 1995; Drobyski et
ai, 1999; Porter et al, 1994; Guglielmi et al, 2002). Other susceptible
haematological malignancies with similarly indolent kinetics have been
successfully treated using DLI, including Chronic Lymphocytic Leukaemia
(CLL) and low grade lymphomas (Storb et al, 2001). Acute myeloid
leukaemia (AML) (Porter et al, 2000), Multiple Myeloma (Lokhorst et al,
1997), Hodgkins Disease and intermediate grade lymphomas are less
susceptible but do respond to DLI (van Besien et al, 1998). Anti-tumour
responses have also been demonstrated in patients with renal cell carcinoma
(Childs et al, 2000) and some breast cancer patients (Ueno et al, 1998)
following allogeneic HSCT. DLI therapy has not generally been successful in
more aggressive conditions such as high-grade lymphomas or ALL (Collins,
et al, 2000)

The

advantages

and

disadvantages

of

T

cell

depletion

are

summarized in Figure 1.4. One approach that attempts to circumvent the
polarized arguments relating to the role of T cells in allogeneic HSCT has
been to genetically modify donor T cells (GM-T cells) with a suicide gene.
The rationale has been that the beneficial effects of such GM-T cells could be
harnessed, whilst any cells mediating GVHD would be amenable to
elimination by the administration of an otherwise non-toxic prodrug. Suicide
genes systems and methods of transferring them into T cells are reviewed
below, before a more detailed description of T cell suicide gene therapy in
animal models and clinical trials.
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Figure 1.4. The T cell dilemma in allogeneic bone marrow transplantation
(A) The role of donor T cells. Donor marrow is rich source of haematopoietic stem cell
and mature lymphocytes. Stem cells repopulate the the host haematopoietic system
over a period of weeks and months. Donor T cells transfer a number of beneficial
effects such as antiviral immunity and protect the graft against residual host immunity.
They may also mediate anti-leukaemic effects, but are often removed form grafts to
avoid harmful graft versus host disease
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(B) The advantages and disadvantages of T cell depletion
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1.3.1. SUICIDE GENES
Suicide gene systems are prodrug-activating systems comprising a
gene-encoded enzyme (usually of viral or prokaryotic origin), which is
capable of converting a non-toxic prodrug into an active toxic form. Ideally, a
suicide gene should be rapidly effective at low concentrations of prodrug and
should not have cellular homologues capable of eliciting similar responses.
The prodrugs Ganciclovir (GCV) and Aciclovir (ACV) are anti-viral
agents that are widely used for the treatment of CMV and Herpes Simplex
virus (HSV) infections. They are poor substrates for mammalian nucleoside
kinases but are efficiently phosphorylated to the monophosphate form by
herpes virus derived thymidine kinases. Subsequent metabolism by cellular
kinases results in the production of toxic triphosphate derivatives that
become incorporated into host cell DNA, leading to the death of actively
dividing cells (reviewed, Greco & Dachs, 2001). Binding of ACV-triphosphate
leads to termination of DNA elongation, whereas GCV-triphosphate causes
base pair mismatches and DNA fragmentation. Activated forms of both drugs
inhibit cellular DNA polymerases and block DNA synthesis (Figure 1.5).
Moolten et al (1986) demonstrated that HSVTK transferred selective
chemosensitivity to GCV in tumour cells, and highlighted the potential of this
combination

as

an

anti-cancer

strategy.

Alternative

enzyme/prodrug

activating systems are listed in Table 1.2, and many are active in dividing or
non-dividing cells. However, the HSVTK/GCV system has been the most
widely studied in vitro and in vivo, and has been deployed in a number of
clinical trials. The system is most effective for actively dividing cell targets
and is well suited for T cell suicide in the GVHD setting.
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Figure1.5. The HSVTK and Ganciclovir enzyme/prodrug system.
GCV is phosphorylated the monophosphate form by HSVTK, an enzyme not found in
mammalian cells. GCV is then converted to the triphosphate form by guanylate kinase
and other cellular kinases. GCV-triphosphate is an inhibitor of DNA polymerase and
becomes incorporated into cellular DNA, causing DNA fragmentation.
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Table 1.2. Alternative suicide gene systems.
Adapted from (Springer & Niculescu-Duvaz, 2000)

HSVTK

HSV

GCV

Cytosine Deaminase

E.coli
Saccharomyces

5 Fluorouracil

Nitroreductase

E.coli

CB1954

Cytochrome P450

Rat

Cyclophosphamide

Varicella Zoster
Thymidine kinase

Varicella Zoster

Ara-M

Rabbit

CPT-11/lrinotecan

Human

AP1903

Carboxylesterase

FAS
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1.3.2 BYSTANDER SUICIDE GENE EFFECTS
In vitro and in vivo experiments have demonstrated that non
transduced cells are susceptible to the toxic effects of activated prodrug from
transduced cells in close proximity that do carry a suicide gene (reviewed,
Friedmann, 1998). This bystander phenomenon can greatly magnify the
effects of suicide gene therapy, but varies widely between different suicide
gene/prodrug systems and is highly cell type dependent.

Phosphorylated

GCV is a highly charged molecule and unable to cross cell membranes by
simple diffusion. Rather, it is likely that gap junctions, comprising connexin
structures, conduct the transfer of activated GCV between cells in direct
contact leading to the spread of toxicity. The bystander effect does not seem
to occur in unattached cell lines which are cultured in suspension and lack
direct cell to cell interfaces (Ishii-Morita et ai, 1997). In recent experiments,
no bystander effect was detected in murine lymphoma cells or human
erythroleukaemia cell lines (Touraine et ai, 1998). Thus the role of the direct
bystander effect in T cell suicide gene therapy is not likely to be significant.
There remains the possibility that in some subjects the induction of T cell
suicide may induce a generalised immune response to the GM-T cells or
transgene products resulting in widespread immune mediated elimination of
donor T cells and this is discussed later.

1.3.3 IMPROVED MUTANT HSVTK SUICIDE GENES
Random sequence mutagenesis of the HSVTK active sites has been
used to create variants that exhibit an enhanced ability to phosphorylate both
GCV and ACV (Black et ai, 1996). Molecular modeling of one mutant called
HSVTK30 (Figure 5.1) proved useful in characterizing the active sites of the
enzyme (Kokoris et ai, 1999). Further site directed mutagenesis led to the
generation of HSVTKSR39 which was later shown to confer the greatest
increase sensitivity to both GCV and ACV in transfected rat glioma cells
(Black et ai, 2001), and was chosen for assessment as a T cell suicide gene
in this study (described in detail in Chapter 5).
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1.4 SUICIDE GENE TRANSFER
Various methods are used to achieve gene delivery into target cells.
(Table 1.3). Physical methods involve mechanical or electrical disruption of
the cell membrane, and chemical methods employ liposomes and other
facilitators to enter the cell. Recombinant viral vectors encapsulate a modified
genome and deliver genes by infection of target cells, but are unable to
complete their replicative life cycle. Retroviral and lentiviral vectors, are of
particular interest for the delivery of suicide genes to I cells as the transgene
is stably integrated into the genome of the target cell and expressed at high
levels (Coffin et al, 1997). Thus, all the daughter cells of such genetically
modified cells also carry the suicide gene mechanism. This would be

a

fundamental requirement for the elimination of rapidly dividing T cells
involved in GVHD. To date, only retroviral vectors have been awarded
regulatory approval for use in clinical T cell modification studies. Lentiviral
vectors hold promise for such applications and may have significant
advantages in their ability to infect non-dividing cells but require detailed
safety profiling.
In order to facilitate the detection and selection of transduced cells,
expression of HSVTK can be linked to the co-expression of a marker protein.
This can be reliably achieved using the picornovirus-derived internal
ribosomal entry site (1RES) element (reviewed by Martinez-Salas, 1999, and
discussed in Chapter 3). Earlier systems relied on the co-transfer of drug
resistance genes (such as Neo^) but more recently, co-expression of
markers such as green fluorescent protein (GFP) has allowed the rapid
detection of transduced cells using fluorescence microscopy and flow
cytometry. A range of modified cell surface receptors are now available and
can be detected using specific monoclonal antibodies (Phillips et ai, 1996).
The reliable co-expression of such marker proteins can be used to enrich
populations of transduced target cells, even if the efficiency of gene transfer
is low. A non-functional form of the low affinity nerve growth factor (ALNGFR)
with a truncated intra-cytoplasmic domain has been widely used to mark
haematopoietic cells, and was the selection marker used in initial clinical
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trials of I cell suicide therapy (Mavilio et al, 1994; Bonini et al; 1997). The
native form of the receptor is found on neural cells and a variety of other cell
lineages, including myeloid cells and B cells, but not T cells (Roux & Barker,
2002). ALNGFR was the selection marker of choice at the onset of this study,
although later in the study (see Chapter 5) an alternative marker based on
truncated CD34 (tCD34) was also evaluated following recent reports of
lymphoproliferative

disease

in

mice

that

had

undergone

secondary

transplantation with bone marrow pooled from primary recipients of HSC
labeled with ALNGFR (Li et al, 2002).

Table 1.3 Methods of gene delivery

CATEGORY
Physical

VEHICLE
Micro-injection
Electroporation
Particle Bombardment

Chemical

Calcium phosphate co-precipitation
Polybrene
Liposomes

Viral vectors

Papilloma simian SV40
Adenovirus
Adeno-associated virus
Polyoma virus
Vaccinia virus
Herpes Simplex virus
Retrovirus
• Moloney murine leukaemia virus
• Murine sarcoma virus
• Avian spleen necrosis virus
Lentivirus
• Human immunodeficiency virus
• Feline immunodeficiency virus
• Equine immunodeficiency virus

34

CHAPTER 1__________________________________________ INTRODUCTION

An understanding of the peculiarities of the retrovirus life cycle is required for
the effective design of retroviral vectors. In particular, the design of hybrid
vectors relies on changes in the unique regions of the LTR regions during the
process of reverse transcription.

1.4.1 LIFE CYCLE OF WILD TYPE RETROVIRUSES

The life cycle of retroviruses has been extensively studied and
features relevant to retroviral vectors are summarized Figure 1.6 (Kay et al,
2001; Vile & Russell, 1995; Coffin et ai, 1997). The wild type retrovirus
genome comprises a 7-11 kb of linear, positive sense, single stranded RNA
that has a 5’cap and 3’poly A structure. The genes gag (group specific
antigen), pel (RNA dependent DNA polymerase) and env (envelope) and are
flanked by short repeat sequences (R) and unique elements that include
reverse transcription enhancer and promoter sequences (termed U5 and U3).
The genome is encased in an icosahedral protein shell along with protease,
reverse transcriptase, integrase enzymes and a matrix protein. The viral
envelope is a spherical lipid bilayer studded with glycoproteins and is derived
from the infected virus-producing cell. Viral envelope glycoproteins mediate
adhesion to cell surface receptors which leads to fusion with the cellular
membrane. Following entry into the target cell, the RNA genome is reverse
transcribed to DNA using a tRNA specifically bound to the primer binding site
and the reverse transcriptase enzyme carried by the virus. 5’ and 3’ long
terminal repeat (LTR) regions are generated through the transposition and
duplication of the U3 and U5 sequences as shown in Figure 1.7. Thus, after
one round of replication the U3 regions in both LTRs are derived from the U3
region originally present in the 3’LTR, and both U5 regions are derived from
the U5 region originally present in the 5’LTR. As the cell divides and the
nuclear membrane disrupts, the DNA integrates into a chromosomal site (and
is termed proviral DNA). The site of integration is highly variable and was
thought to be random, though recent data relating to HIV infection suggests
that there may be a predisposition towards transcriptionally active sites
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(Schroder et al, 2002). Provirus promoter sequences in the U3 region of the
5’LTR drive transcription and host cell machinery is used to produce new
viral genomic RNA and proteins for the assembly of virus particles. Virions
bud out from the cellular membrane of infected cells and are then capable of
infecting new targets.
1.4.2. RETROVIRAL VECTORS
A number of c/s-acting sequences must be retained within retroviral
constructs: (1) The 5’ un-translated leader region containing a packaging
signal (n/) which ensures encapsidation of vector RNA and may include some
modified gag gene sequences to increase viral titres. (2) The outer regions of
the LTRs, important for integration events. (3) The primer binding site and
repeat sequences, required for reverse transcription. Other regions of the
viral genome can be excised and replaced by genes of interest of up to
around 9kb in size. The missing retroviral structural proteins are provided by
specially constructed packaging cell lines that have been genetically modified
to provide helper function at high levels (Figure 1.7). The retroviral LTR
promoter can be used to drive expression of one or possibly two genes of
interest, depending on the location of splice donor and acceptor sites.
Second genes can also be expressed using a heterologous promoter, though
interference with the LTR promoter may occur. Alternatively, an internal
ribosomal entry site (1RES) sequence can be included to allow ribosomes to
recognise and translate a second gene. The 1RES element promotes the
translation of a downstream positioned gene, following cap dependent
expression of a first transgene (See Chapter 3).
LTR driven expression is susceptible to transcriptional silencing, and
attempts to circumvent this phenomenon have led to the generation of
retroviral vectors with modified leader sequences and altered U3 regions.
Baum at al (1995) have generated a family of hybrid retroviral vectors
suitable for the transduction of haematopoietic cells. The design principles of
the hybrid vectors used in this study are shown in Figure 1.8, and critical
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elements required for the virus production and transgene expression have
been highlighted.

1.4.3. PACKAGING CELL LINES & THE PRODUCTION OR VIRUS
Although the early interaction between virions and target cells is not
thought to be receptor specific (Pizzato et al, 1999), pseudotyping of virus
particles is used to direct the spectrum and efficiency of infectivity. Wild type
MLVs can be classified according to their spectrum of host infectivity, and are
termed ecotropic (infecting only rodents), amphotropic (infecting rodents and
non-rodents) or xenotropic (infecting only non-rodents). Commonly used
packaging cells include the ecotropic line GP+E-86 and the amphotropic line
GP+envAm12 (Markowitz et ai, 1988). Amphotropic viruses, extensively used
to infect human cells, bind to Pit-2 a widely expressed sodium dependent
phosphate symporter (Kavanaugh et ai, 1994). The murine PG13 cell line is
used to pseudotype virus with the Gibbon Ape Leukaemia Virus (GALV)
envelope (Miller et ai. 1991). This directs binding to a similar (but specific)
receptor and has been shown to be highly effective in T cell transduction
experiments (Lam et ai, 1996). The human FLYRD18 line packages using
the Feline Endogenous Retrovirus envelope called RD114 (Cosset et ai,
1995). The third generation packaging cell lines used in this study express
the Moloney Murine Leukaemia Virus (MoMLV) derived gag-pol proteins
independently of the relevant env components. Thus, three independent
recombination events would have to occur before such cells were able to
produce replication competent retrovirus (RCR).
Most packaging cell lines are able to produce 10^-10^ infectious
particles/ml of supernatant, although this can be enhanced in some cases by
centrifugation or filtration. Viral supernatant is usually filtered and may be
frozen for storage, though virus titre can be halved by a single freeze-thaw
cycle (Lemoine & Cooper, 1996). Virus production is optimal at 37C but
virions appear to be more stable at 32C, and hence supernatant is often
harvested at the lower temperature (Kotani et ai, 1994).

37

Figure 1.6. Life cycle of wild type retroviruses.
Virions infect target cells through receptor mediated endocytosis and release the viral genome into the cytoplasm. Reverse
transcription of RNA to DNA, with duplication of the terminal LTR regions, is followed by integration into the host cell genome.
Translation of proviral DNA leads to the generation of new viral genomic RNA and the structural components needed to produce new
virions. Virus particles mature as they bud from the cell surface and are then capable of infecting other cells (Adapted from Lemoine
& Cooper, 1996)
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Figure 1.7. Principles of retroviral packaging cell systems.
The retroviral plasmid, carrying a target gene of interest, is transfected into the packaging cells using standard chemical approaches.
The gag-pol and the env components are supplied independently. Vector RNA combines with the products of the gag-pol and env
genes to produce infectious virus. When the virus infects a target cell, the cycle of replication is aborted once the proviral DNA
integrates in the host genome as the viral structural and envelope proteins are missing. (Adapted from Lemoine & Cooper, 1996)
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1.5. RETROVIRAL GENE TRANSFER INTO T CELLS

Peripheral blood lymphocytes are attractive candidates for therapies
based on gene transfer as they are easily collected and amenable to ex-vivo
manipulation. Ideally, gene transfer should be efficient and stable, without
disruption of the functional potential of the T cell.

The first clinical trial of

gene transfer in humans was performed in 1989 and involved marking I
lymphocytes with a retroviral vector to study their persistence and distribution
in patients (Rosenberg et ai, 1990). Patients with terminal malignancies
received infusions of I cells retrovirally transduced to carry a Neomycin
resistance (Neo^) gene and the cells were tracked for several months in vivo
without any adverse consequences. Similar gene marking studies using GMT

cells

have

since

been

used

in

patients

with

EBV

associated

lymphoproliferative disease (Rooney et al, 1995) and HIV infection (Riddell et
al, 1996).
Trials of corrective gene therapy of T cells for patients with adenosine
deaminase (ADA) deficiency were initiated in 1990 using a retroviral vector
encoding the ADA gene under the control of the Moloney MLV LTR promoter
(Blaese et al, 1995). The peripheral blood lymphocytes of two infants were
activated ex-vivo using 0KT3 (anti-CD3 monoclonal antibody) and IL-2,
transduced and expanded for 9 days. The patients received monthly
infusions of GM-T cells and remained on ADA replacement therapy. One
infant responded well with over 50% of circulating lymphocytes expressing
ADA, whilst in the other, less than 1% of circulating T cells expressed ADA.
Long term follow-up has revealed that GM-T cells have persisted in vivo for
over 10 years. Low levels of gene transfer have been a major obstacle, but
improved virus titres, envelope pseudotyping and the use of agents to colocalise the target cells and virus

particles,

have greatly

improved

transduction efficiency. In addition, the inclusion of co-selectable markers in
retroviral constructs has allowed populations of transduced cells to be
enriched to a high degree of purity even if the efficiency of gene transfer is
relatively low.
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Target cells have to be actively dividing before stable retroviral
transduction can take place (Roe et al, 1993). Hence protocols for the
transduction of primary I cells include an activation step to ensure cells are
rapidly dividing at the time of virus exposure.

Mavilio

at al used

phytohaemagglutinin (PHA) and IL-2 to achieve T cell proliferation in studies
comparing various retroviral vectors in a co-culture system with irradiated
packaging cell lines (Mavilio at al, 1994). Subsequently, virus supernatant
based protocols have been advocated because of potential safety concerns
relating to the culture of virus producing cell lines with target cells. A range of
gene transfer efficiencies have been reported, and vary depending on the
nature of the preactivation, the retroviral construct, the packaging system and
the conditions under which I cells were exposed to virus. The multiplicity of
infection (MOI) and number of rounds of virus exposure are critical variables.
The

procedural

differences

between

studies

make

transduction efficiency between different studies difficult.

comparisons

of

For example, in

their clinical trial, Tiberghien at al (2001) reported gene transfer of around
7.4% using an MOI of 3 and one round of virus exposure. In contrast, there
have been reports of 95% transduction efficiency in one preclinical study that
used MOIs of 25-50 and three rounds of virus exposure (Movassagh at al,
2000). The functional potential of T cells after transduction and selection may
be influenced by the nature of the initial stimulation used to induce T cell
division. Lower than expected rates of GVHD in recent clinical trials (Bonini et
al, 2002) and reduced antiviral potential in vitro has been reported in
protocols involving PHA or anti-CD3 antibody mediated activation (Tiberghien
at al, 2001; Sauce at al, 2002; Bonini at al, 2002). It has been suggested that
the combined use of anti-CD3 with anti-CD28 and IL-2 results in less skewing
of the T cell repertoire and maintains antiviral potential In vitro (Sauce at al,
2002).
An alternative deployment of T cell suicide gene therapy involves the
retroviral transduction of cytotoxic T lymphocytes (CTLs) that are generated
ax-vivo against EBV target cells (Koehne at al, 2000). The CTLs are actively
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dividing and do not require further prestimulation before exposure to
retrovirus, and retain their ability to lyse specific target cells in vitro.

1.5.1. ANIMAL STUDIES
A number of animal models have been developed to evaluate T cell
suicide gene therapy in vivo. Cohen et al. (1997; 1998) developed a
transgenic mouse line in which a truncated, but functional, HSVTK transgene
is expressed in mature T cell. Infusions of transgenic T cells into irradiated
mice following bone marrow grafting induced GVHD. A course of Ganciclovir
treatment for 7 days at the time of BMT was sufficient to prevent GVHD
without impairing haematological reconstitution. The mice had a normal
survival and maintained a pool of functional donor T cells that were tolerant
to recipient alloantigens but responsive to third party alloantigens. A minority
of mice developed chronic GVHD that was responsive to further treatment
with Ganciclovir. The same investigators have also reported that the delayed
administration of GCV to treat GVHD, in contrast to anticipatory use, is
associated with severe immunological defects in mice (Cohen et ai, 1999a).
Further work demonstrated that the most alloreactive donor T cells divided
before

non-alloreactive

cells

and

thus

provides

a window

for

the

administration of GCV to selectively eliminate the most harmful fraction
(Maury et al, 2001). Others have used similar techniques to show that the
ability of donor T cells to facilitate engraftment and cause GVHD can be
dissociated by manipulating survival of allo-activated HSVTK transgenic T
cells through temporal variation of Ganciclovir administration (Drobyski et al,
2001). Three schedules of Ganciclovir administration (days 0-9, 3-16, 7-20)
were found to be of benefit, with optimal outcome achieved by treatment on
days 3-16. Examination of the kinetics of donor T cell engraftment in
Ganciclovir treated mice showed that the selective elimination of transgenic T
cells did not compromise early engraftment. Reduced levels of GVHD were
complimented by increased numbers of T cells by 4 weeks. Although these
transgenic murine models of the HSVTK/GCV have been very useful in
supporting the principle of suicide gene therapy for GVHD, they are free of
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procedural complexities involved in the ex-vivo transduction, selection and
expansion

of primary T cells

required

in clinical

practice.

A more

representative allograft model of GVHD was recently reported and involved
the retroviral transduction and expansion of murine T cells with a retroviral
construct encoding HSVTK and ALNGFR (Kornblau at al, 2001). Survival of
HSVTK"" allogeneic

lymphocyte

bearing

mice was

improved

by the

administration of GCV between days 7-13 post transplant, and this model
perhaps most closely reflects the procedures used in the clinical setting.

A rat model of MHO mismatched BMT has been used to investigate
the potential of activated and cultured T cells to induce GVHD and to be
eliminated through prodrug activation (Weijtens at al, 2002).

Wag/Rij rat

spleen cells were activated with concanavalin A (ConA) and transduced with
ecotropic phoenix cell packaged MLV based vectors encoding HSVTK and
ALNGFR. Transduced cells were enriched using magnetic bead selection for
ALNGFR.

Wag/Rij rat bone marrow was administered along with the

splenocyte derived T cells into irradiated Brown Norway recipient rats. When
T cells were expanded for over 6 days ex vivo there was marked reduction in
allogeneic reactivity In vivo. GCV therapy to terminate GVHD was only
partially successful, with some improvement in survival in a minority of mice.
It was suggested that non-transduced T cells, perhaps carried in the donor
marrow, might have mediated ongoing GVHD, underlining the importance of
high efficiency gene transfer to all donor T cells.

A canine model of allogeneic bone marrow transplantation has been
used to investigate the ability of retrovirally transduced and ax-vlvo expanded
cytotoxic T cells (CTLs) to enhance engraftment in the haploidentical
transplantation setting (Georges at al, 2001). Donor-derived, recipient
specific, CTLs were generated by establishing a one-way mixed lymphocyte
cultures with cells from Dog Leukocyte Antigen

(DLA) haploidentical

littermates. Murine retroviral vectors encoding eGFP or rat nerve growth
factor receptor and Neo^ gene, were pseudotyped with the GALV envelope
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and used to transduce the CTL populations. Twelve DLA-haploidentical
recipients received transplants of unmodified donor marrow and CTLs
(transduced or non transduced) after preparative total body irradiation (TBI)
and in the absence of any immunosuppression. The infusion of CD3^ CDS'"
CTLs prevented graft rejection and there was no statistical difference in
engraftment between dogs receiving genetically modified and non-modified
CTLs, and similar levels of GVHD were observed. It was hypothesized that
recipient specific CTLs lysed or inhibited residual host T cells and NK cells
surviving TBI.
In a brief report, the alloreactive

potential

of canine PBMCs

transduced with HSVTK (following activation with PHA) was recently reported
to be similar to that of non-transduced cells in mixed lymphocyte culture
reactions (Weber et al, 2002).
Bunnell at al. (1995) used retroviral vectors encoding the Neo^ gene
and pseudotyped with the GALV envelope (PG13 packaging line) to
transduce Rhesus monkey CD4'" T cells. Three non-myeloblated animals
were repeatedly infused with GM-T cells over a period of nine months in
order to determine the survival kinetics and distribution of the cells.
Circulating GM-T cells were detected between levels of 1-10% using PCR
based methods, with a decline in levels to under 0.1% by 21 weeks.
Trafficking to the lymph nodes was also demonstrated by PCR analysis of
biopsy samples. Although antibody responses were not detected against the
transgene products, there was a humoral response against the fetal bovine
serum (FBS) present in the medium in which cells were suspended before
infusion (Bunnell at al, 1997). The antigenic component of the FBS was not
identified,

but the observations gave strength to the argument that

xenogeneic serum should be avoided in future human trials.

1.5.2. CLINICAL TRIALS OF I CELL SUICIDE GENE THERAPY
Riddell at al. (1996) successfully used retroviral transfer to transduce
CDS'" HIV-gag specific autologous T cells with a HSVTK/Hygromycin
phosphotransferase (Hy) fusion protein (Figure 1.9A). The GM-T cells were
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infused into HIV infected patients and, although there were no acute toxic
complications, the GM-T cells were eliminated in 5/6 subjects. It was
demonstrated that host cytotoxic I cell responses against the fusion protein
led to immune mediated clearance of the GM-T cells.
In 1997, Bonini et al. reported the results from a pilot study involving 8
patients who had relapsed after allogeneic HSCT for malignancy (6 patients)
or had developed EBV-LPD (2 patients).

A retroviral vector (SFCMM-2)

encoding an HSVTK/Neo^ fusion protein and ALNGFR was used to
transduce donor T cells (Figure 1.9B). The group co-cultured donor PBMCs,
activated with PHA, with an irradiated amphotropic packaging cell line
(A m i2). Transduced cells were selected using immunomagnetic bead
selection using monoclonal antibodies to ALNGFR. Between 10^/kg and
4x10^/kg GM-T cells were given as part of a dose escalating protocol. The
percentage of circulating GM-T cells ranged between 0.0001% and 13.4%,
and cells were detectable over 20 months later. There were three complete
responses and two partial responses following the treatment. Three cases of
acute GVHD (grades ll-lll) were reported and 2/3 responded to a course of
GCV, with elimination of GM-T cells from the circulation. The third patient had
extended multisystem chronic GVHD and did not respond to GCV therapy.
Subsequently, an immune response against the Neo^ gene product was
suspected in five of the patients (Verzeletti at al, 1998) and this component
was deleted in later vector constructs (Figure 1.9C). The group is currently
evaluating a clinical protocol of programmed infusions of GM-T cells for
improved

immune

reconstitution

and

relapse

prevention

in

patients

undergoing haploidentical HSCT for malignancy. A recent update reported
that circulating GM-T cells were detected in the circulation of 7/8 patients
infused from 42 days onwards after HSCT (Bonini at al, 2002). Acute GVHD
arose in only 1/8 patients and responded to GCV without the use of
additional immunosuppression. However, CMV infection led to the use of
GCV in 4 other patients in the absence of GVHD. Although in ax-vivo
assessment of engrafted GM-T cells confirmed that proliferative responses to
polyclonal stimulation were intact, the high incidence of CMV infection raises
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questions about the anti-viral potential of the cells. Longer follow-up will be
required before the impact of the GM-T cell infusion on the underlying
disease and patient survival can be interpreted.
A second group that has published results from pilot studies of T cell
suicide gene therapy used amphotropic virus supernatant-based gene
transfer protocols (Tiberghien et al, 2001). They activated PBMCs with antiCD3 antibody and high concentrations of IL-2 (lOOOiu/ml). Transduced cells
were selected on the basis of Neo^ gene co-expression and the transduction
procedure required 12 days of ex-vivo manipulation. Using the GITkSvNa
vector (Figure 1.90), the transduction efficiency before G418 selection, as
measured by quantitative PCR for Neo^ was around 8%. After sel ection 87%
of cells were sensitive to GCV. Twelve patients with haeimatological
malignancies underwent HLA-identical sibling BMT and received iinfusions of
between 2x10^ and 2x10® GM-T cells/kg at the time of transplantation. Of
three patients who developed acute GVHD, two responded to GCV therapy
and one required additional treatment with steroids. One case of chronic
GVHD also responded to GCV therapy. Resolution of GVHD was associated
with a rapid reduction in the number of circulating GM-T cells. Although there
were no acute toxic side effects, three patients subsequently develloped EBVLPD. These subjects were considered to be at high risk for developing EBVLPD, but it was of concern that the infused GM-T cells had failed to control
this complication. Later experiments investigated the in vitro potential of GMT cells against EBV infected target cells. A significant reduction in EBVreactive T cells was noted following ex-vivo activation (with anti-CD3 and IL2) and selection using G418 (Sauce et ai, 2002).
Overall, 4/12 patients were alive at the time of publicattion (29-34
months post BMT), and circulating GM-T cells were detectable fo r over 800
days. Further investigations, using PCR and southern blot analysis, detected
the presence of an alternative splice variant of HSVTK in the circulating GMT cells. Cells carrying this truncated, non functional, form (Of HSVTK
accounted for around 10% of the GM-T cell population and were present as
an increasing proportion following the GCV elimination of the cells encoding
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full-length HSVTK (Garin et al, 2001). Such a phenomenon may help to
explain the partial resistance to GCV elimination observed in the previous
trial (Verzeletti et ai, 1998) but other factors are also likely to be influential.
Results from other clinical trials of T cell suicide gene therapy have
also been reported, but not yet fully published. One group treated 23 patients
who had relapsed haematological malignancies after allogeneic BMT in
escalating doses (Champlin et ai, 1999). Although there were two cases of
remission, there were no cases of GVHD and the strategy was not fully
tested. Another group has also treated relapsed haematological malignancies
using a similar protocol (Link et ai, 1998; Burt et al, 1999). One case of
GVHD responded to treatment with GCV when conventional therapy had
failed.

Though the clinical trials of HSVTK suicide gene therapy for the
management of GVHD have been on a small scale and have had a limited
impact on survival outcomes, they have established important proofs’ of
principle. T cells can be genetically engineered to stably carry genes that
render them sensitive to prodrugs in vivo. However, a number of limitations
and complications have become apparent. There have been concerns that
repeated infusions of GM-T cells encoding selection transgenes such as the
Neo^ gene may induce host immune responses leading to the premature
clearance of infused cells. There have been reports of resistance to GCV
therapy in a minority of cases, and evidence that a small fraction of GM-T
cells may carry non-functional truncated variants of HSVTK. Questions have
also been raised about the functional capacity of cells that have been
activated and manipulated ex-vivo for extended periods. In on-going trials,
the incidence of GVHD appears to be lower than expected, and the
occurrence of CMV and EBV infections following the administration of GM-T
cells suggests a failure to transfer anti-viral immunity.
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Figure 1.9. Moloney murine leukaemia virus based retroviral vectors that have
been used in clinical studies.
The constructs were derived from Moloney MLV vectors and employed the LTR
regions from MLV
A. Hygromycin/HSV-TK fusion construct (Riddell et al 1996).
B.SFCMM2 expressed a HSVTK/neomycin resistance protein under the control of
the simian virus (SV40) promoter and ALNGFR expressed from the 5’LTR (Bonini
at a/. 1997).
C. SFCMM3 in which the Neo^ gene has been removed (Verzelleti at al. 1998)
D. G ITklSvNa as described by Tiberghien at al (2001)
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The project had clearly defined aims from the outset, and these evolved
during the period of the study in light of the data generated and experiences
reported in the literature.

STATEMENT OF AIMS
1. The generation of retroviral vectors for the transfer of HSVTK
suicide genes into human T cells

2. The optimisation of rapid T cell transduction and selection
protocols

3. Assessment of the impact of the transduction procedures on
the phenotype and function of T cells

4. Evaluation of the suitability of improved mutant HSVTK suicide
genes for T cell suicide gene therapy

5. The development of a human:mouse model of xenoengraftment to test HSVTK function in vivo.
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2.1. BUFFERS AND SOLUTIONS
All buffers were prepared in double distilled water (ddH20). Sterile
solutions used ddH20 autoclaved at 121 °C for 15 min and filtered through a
0.22pm syringe tip filter (Millipore). Materials were purchased from Sigma
and media from Invitrogen unless otherwise indicated.
Blocking buffer (Western)

5% (w/v) non-fat milk (Marvel) in PBS-T.

DNA loading buffer (6x)

30% (v/v) Glycerol, 20mM EDTA, 0.2% (w/v)
bromophenol blue.

Flow cytometry staining buffer

PBS, 0.01% (w/v) NaNa, 1%(w/v) BSA or 1% (v/v)
HAS

Flow cytometry fixing buffer

FACS buffer + 1% (v/v) Paraformaldehyde

Luria-Bertani broth

1% (w/v) tryptone peptone, 0.5% (w/v) yeast
extract (Becton Dickinson), 170 mM NaCI, pH 7.0.
For solid media 15 g/L LB agarose was added.
Ampicillin was added at 100mg/ml when indicated
(LB-Amp).

Western running buffer

1.5M Tris-HCI, 0.1% (v/v) SDS, pH 8.8

NP-40 lysis Buffer

1% NP40, 20 mM Tris-HCI (pH 8.0), 1300mM
NaCI, 10 mM NaF, 1 mM PMSF, 100 pM Na3V 0 4 ,
1 mM D IT, 20 pM leupeptin, 1% aprotinin

PBS

Phosphate buffered saline tablets (Oxoid) were
dissolved in water at 1 tablet/100ml

PBS-T

PBS, 0.1% (v/v) Tween 20

Protein Transfer Buffer

48 mM Tris-HCI, 40 mM glycine (Calbiochem),
20%(v/v) methanol (BDH), pH9.2

SDS-PAGE Running Buffer

25 mM Tris, 190 mM glycine, 0.1% (w/v) SDS

Staining buffer

PBS, 1% (w/v) BSA

TAE (xSO)

0.2 M Tris, 1 M glacial acetic acid (BDH), 50 mM
EDTA, pH8.0
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2.2 MEDIA AND SOLUTIONS FOR TISSUE CULTURE

Complete DMEM

Supplemented with 10% (v/v) PCS (Sigma)
and lOpg/ml penicillin/streptomycin
(Invitrogen):

Complete RPMI

Supplemented with 10% (v/v) PCS,
Glutamine (Invitrogen) and lOpg/ml
penicillin/streptomycin

HBSS

Hanks Buffered Saline Solution (without
Calcium/Magnesium)

PBS-1%HAS

Phosphate Buffered Saline (without
Calcium/Magenesium) with 1% (v/v)
human albumin

X-Vivo 10

With or without phenol red (Biowhittaker)
and supplemented with 10% (v/v) human
AB serum (Sigma), lOpg/ml
penicillin/streptomycin and 30iu/ml IL-2
(Chiron)

X-Vivo 20

(Biowhittaker) Supplemented with 10%
(v/v) human AB serum or autologous
serum

2.3. QUANTIFICATION OF NUCLEIC ACIDS
DNA concentration was measured by absorbance at OD260nm, using
a Genequant calculator (Pharmacia), or by ethidium bromide estimation by
comparison to a standard marker. Hyperladder I or IV (Bioline)

2.4. TRANSFORMATION OF PLASMID DNA BY ELECTROPORATION
E.coli DH5a electrocompetent cells (Promega) were used to transform
plasmid DNA. Cells were stored in 10% glyecerol in 50pl aliquots at-70C .
Ligation mix or plasmid preparation was dialysed on 10mm filter paper
floating on ddH20 for 20 minutes. lOpI of the preparation was added to an
aliquot of DH5a cells on ice in a 0.4cm glass cuvette (Biorad). The sample
was

immediately

electroporated

(Voltage

2.5kV;

Resistance

200Q;
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Capacitance 25pF) using a Gene Puiser Electroporator (Biorad). The cells
were then resuspended in 940pl of LB medium and incubated in a shaking
incubator at 370 for 60 minutes, after which they were plated onto LBAmpicillin agar plates. Plates were incubated overnight at 370 and colonies
picked using sterile pipette tips, and used to inoculate 3-5ml LB-Ampicillin
cultures.

2.5. PLASMID DNA PURIFICATION
Single colony inoculums were cultured overnight in 3mls of LBAmpicillin on a shaking incubator at 370. Purification of plasmid DNA to
screen for transformed colonies was carried out using the Qiagen MiniPlasmid preparation kit according to manufacturers instructions. 500pl of
selected cultures was used to inoculate SOOmIs of LB-Ampicillin for larger
scale plasmid preparation. After overnight culture at 370 with shaking,
bacteria were pelleted by centrifugation and resuspended in the presence of
100pg/ml RNAase. Plasmid was purified by alkaline lysis of bacteria,
followed by binding of plasmid DNA to anion-exchange resin columns under
appropriate low salt and pH conditions (Qiagen Maxi-Prep Kits). The columns
were washed to remove the non-DNA fractions and the plasmid DNA was
eluted using a high salt solution and then de-salted by precipitation with
isopropanol. The plasmid DNA pellets were washed in 70% ethanol and then
resuspended in pyrogenic-free water or TE.

2.6. CRYOPRESERVATION OF BACTERIAL CULTURES
Selected bacterial cultures in LB-Ampicillin were cryopreserved by
adding 15% (v/v) sterile glycerol and rapid cooling to -7 00 .

2.7. ENZYME DIGESTION OF PLASMID DNA
Restriction enzyme digestion of bacterial plasmid DNA was carried out
in 1x enzyme buffer using an excess of enzyme S-IOunits/pg DNA according
to the manufacturer’s instructions (Promega).

54

CHAPTER 2_______________________________________________ METHODS

2.8. AGAROSE GEL ELECTROPHORESIS
0.8-1% (w/v) agarose gels (Life Technologies) were prepared in
IxTAE containing 400 ng/ml Ethidium Bromide and DNA samples were
loaded after addition of 6xDNA loading buffer. Ikb Plus Ladder (Life
Technologies) or HyperLadder l/IV (Bioline) were loaded alongside plasmid
DNA and the gels were run in IxTAE buffer at 70-120 mV. Agarose gels
were observed under a UV Multilmage Light Cabinet, images taken using
Alphalmager 1200 (Flowgen) and processed using Adobe Photoshop
software (Microsoft).

2.9. GEL PURIFICATION OF DNA FRAGMENTS
DNA fragments were resolved by agarose gel electrophoresis, the
appropriate band excised, and the DNA purified using the Qiagen Gel
Extraction kit (Qiagen) according to the manufacturer’s instructions.

2.10. DNA LIGATION
Ligation of DNA fragments, with a 3:1 molar ratio of insert:vector, was
carried out at 140 overnight using T4 DNA ligase. (Promega) and 1x ligase
buffer. When required, blunt ends were generated from 5’overhnangs by
treatment with Klenow polymerase (Promega) for 15 minutes at room
temperature in the presence of lOOjuM dNTP mix and the appropriate buffer.
The reaction was terminated by heating to 750 for 10 minutes. In order to
prevent

self-ligation,

plasmid

was

pre-treated

with

shrimp

alkaline

phosphatase (Roche) for 1 hour at 370 to remove the 5’ phosphate groups.
The enzyme was heat-inactivated at 650 for 15 minutes and the DNA
recovered using a nucleotide clean-up kit (Qiagen).
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2.11. GENERATION OF RETROVIRAL PLASMIDS
Digestion with EcoR1 and BamH1 released pre-existing transgenes
from a parent murine hybrid retroviral plasmid encoding the 3’ SFFV or
MSCV LTRs (gifts from M.Grez, Frankfurt, Germany). A dual marker protein
system was constructed for initial investigations before being modified to
carry the HSVTK or HSVTK39 suicide gene. All vector maps were generated
using VectorNTI software and sequences compared using the AlignX
program (Informax). Maps detailing relevant restriction sites are shown in
Figure 3.2, and the generation of vectors is described in detail in Chapter 3.

2.11.1. DUAL REPORTER CONSTRUCTS
A 954bp region encoding full-length ALNGFR was released from
plasmids supplied by M.Grez. The encephalomyocarditis virus derived 1RES
sequence and eGFP transgenes were obtained from

plRES2-EGFP

(Clontech).

2.11.2. HSVTK AND HSVTK39 CONSTRUCTS
PET expression vectors, encoding the herpes simplex virus HSVTK
and mutant HSVTK39 were a gift from M.Black (Washington State University,
USA) and were obtained under a material transfer agreement with Chiron
(USA). In order to eliminate a polyadenylation signal located between the
open reading frame of the HSVTK/TKSR39 and the 1RES sequence, the
coding regions were regenerated by PCR to include 5’Munl and 3’ Sail
terminal restriction sites. PCR was performed in an Eppendorf Mastercyler
533 machine in a final volume of 50pl using 100ng of plasmid DNA, 50pM of
each primer (Forward 5 CTGACAATTGCCTTCTAGGCGCCGGAATTC3' and
Reverse

5’CTCAGTCGACCCTTCCGTGTTTCAGTTCGC3’,

Genosys),

10mM dNTPs and 2.5u of Pfu turbo and the appropriate volume of reaction
buffer (Stratagene). 30 reaction cycles were carried out as follows:
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Dénaturation for 1 minute at 94C, annealing 2 minutes at 600 and extension
for 3 minutes at 720.

2.12. CELL LINES USED

Table 2.1. List of cell lines and optimum medium used
EOAOO, European collection of cell cultures; lOH, Institute of Ohild Health;
NIH, National institute of health; UOL, University Oollege London

CELL LINE ORIGIN

SUPPLIER

MEDIUM

PHOENIX

2931 human
embryonic kidney

Nolan Laboratories
Stanford, USA

DMEM

NIH 3T3 mouse
fibroblast

M.Oollins, UOL,
London

DMEM

M.Oollins, UOL,
London

DMEM

PG13

FLYRD18

HT1080 human
fibrosarcoma

HeLa

Human cervical
carcinoma

ECACC, Salisbury,

JURKAT

Human Leukaemic T
cell

Molecular
Haematology, lOH,
London

RPMI

M0LT4

Human Leukaemic T
cell

EOAOO
Salisbury, UK

RPMI

UK
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2.13. PRIMARY T CELL CULTURE
Primary human I cells were isolated from healthy adult volunteers by
density gradient separation on Ficoll (Pharmacia) and cultured in X-Vivo 10
supplemented with 10% human AB serum or heat inactivated autologous
serum (AS).

2.14. CELL COUNTING
Cells were counted using a Neubauer haemocytometer by trypan blue
exclusion and phase contrast microscopy.

2.15. CELL CRYOPRESERVATION AND THAWING.
A cryopreservation solution of 90% PCS and 10% DMSG was used for
cells other than primary T cells, for which human AB serum was used. Cells
were re-suspended in DMEM or RPMI, cooled on ice and an equal volume of
cryopreservation solution added dropwise. Aliquots were then frozen at -70C
using a cooling chamber, before transfer to liquid nitrogen.
Thawing of frozen cells was carried out by immediately placing
cryovials in a 37°C waterbath. The cells were transferred slowly to 10 ml of
appropriate pre-warmed growth medium and pelleted by centrifugation. They
were then resuspended in 1 ml of growth media and transferred to 4 ml of
pre-warmed medium in a 25cm^ tissue culture flask

2.16. GENERATION OF VIRAL SUPERNATANT
Lipofectamine plus (GibcoBRL) was used to transfect the 293T
Phoenix ecotropic packaging cell line with Ipg of retroviral plasmid DNA.
Viral supernatant was used to infect the mouse fibroblast packaging cell line
PG13 in the presence of 8pg/ml of polybrene. The supernatant from PG13
cells was used to infect an alternative packaging line, FLYRD18. Single cell
sorting by flow cytometry (Beckman Coulter EPICS) into 96 well plates (each
well containing 75pl of fresh medium and 75pl of 0.22pM filtered cell-culture
medium) was used to select clones expressing ALNGFR. High virus
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producing clones were identified using an indirect estimation of the viral titre
by measuring the efficiency of transduction of 50,000 HeLa cells by single
exposure to a range of virus dilutions for 48hours in the presence of Spg/ml
of polybrene (Limon et al, 1997).
Viral Titre

No of HeLa Cells x ALNGFR positive(%)
Volume Supernatant (ml) x 100

Viral supernatant was collected after overnight culture of sub-confluent cells
at 32C under serum free conditions using the minimal volume of X-Vivo 10,
filtered at 0.45pM and frozen at -70C.

2.17. FLOW CYTOMETRIC ANALYSIS
Isotype control antibodies and Fc blocks are listed in Table 2.2 Directly
conjugated

antibodies

were

purchased

from

Becton

Dickinson

and

Phramingen (Table 2.3). Cells (0.5x10^-10®) were incubated for 30 minutes
on ice with saturating amounts of antibody in FACS staining buffer. Flow
cytometric analysis was performed for 10,000 events per sample on a
Beckman Coulter Epics XL, using a 488nm argon laser (FITC 525nm, PE
575nm, PERCP 675nm) and analyzed using Expo2 software.

Table 2.2 Isotype control antibodies and Fc block

Mouse lgGi

Keyhole limpet haemocyanin (KLH)

Mouse lgGi FITC

KLH

Mouse lgGi PE

KLH

Mouse lgGi PERCP

KLH

Fc Block

Mouse FcY Ill/ll receptor
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Table 2.3 Antibodies used for flow cytometry

CDS

FITC-conjugated mouse lgGi
PE-conjugated mouse lgGi

CD4

PE-conjugated mouse IgGi
PERCP-conjugated mouse IgGi

CDS

PE-conjugated mouse lgGi

CD25

FITC-conjugated mouse IgGi

FITC-conjugated mouse IgGi

CD27

PE-conjugated mouse IgGi
FITC-conjugated mouse IgGi

CD34

FITC conjugated mouse IgGi

CD45

CD45RO

FITC-conjugated mouse IgGi

CD45RA

FITC-conjugated mouse IgGi

CD56

PE-conjugated mouse IgGi

LNGFR

PE-conjugated mouse IgGi
Unconjugated mouse IgGi

Murine

k

chain

PE-conjugated Rat IgGi
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2.18. RETROVIRAL TRANSDUCTION OF T CELLS
The development of optimized procedures for I cell transduction is
described in Chapter 4. The protocol considered to be most suitable for
further experiments is briefly described here and is summarized in Figure
4.10. Non-tissue culture treated plates (24 well, Falcon) were coated with
20pg/well of recombinant human fibronectin fragment CFI-296 (Retronectin,
Takara) by overnight incubation at 40. The plates were washed twice with
PBS after 20 minutes of blocking with PBS-1%(v/v) HAS. Each well was preloaded with retrovirus by centrifugation at 2500rpm with 1.0ml of 0.45pmfiltered viral supernatant for 30 minutes. Jurkat and Molt 4 I cells were
resuspended in 1ml of medium (at 2x10^/ml) and mixed with an equal volume
of viral supernatant before being exposed to the pre-loaded retronectin plates
at 370 and 5% 0 0 2 . After 24 hours a second round of transduction was
carried out by the careful removal and substitution of 1ml of medium with
fresh viral supernatant. Cells were cultured for a further 2 days before
analysis by flow cytometry.
PBMOs were resuspended at 0.5x10®/ml and required pre-activation
by the addition of 30iu/ml of rlL2 (Chiron) and culture in a ‘stimulator plate’ for
48-72 hours at 370 and 5% OO2 . Stimulator plates were non-tissue culture
treated (Falcon) and had been pre-coated by overnight incubation at 40 with
a solution containing of Ipg/ml of the monoclonal antibodies 0KT3 (anti0D3, Janssen-Oilag) and OD28.2 (Pharmingen) and then blocked with PBS 1%HAS for 20 minutes.

2.19. ENRICHMENT OF TRANSDUCED CELL POPULATIONS
10® to 10^ transduced cells were resuspended in 90pl of buffer (PBS,
0.5%(v/v) HAS, 2mM EDTA) and incubated with lOpI of mouse anti-human
LNGFR antibody for 20 minutes on ice. Cells were washed and resuspended
in 80pl of buffer and incubated with 20pl of magnetic beads coated with
antibody against murine immunoglobulin heavy chain for 15 minutes at 80.
After washing again, and resuspension in 500pl of buffer, cells were passed
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through the mini-macs MS+ column (Miltenyi Biotech). Cells expressing
ALNGFR were eluted from the columns after removal from the magnetic field,
and resuspended in complete medium. The bead:antibody complexes used
are listed in Table 2.4.

Table 2.4. Magnetic bead conjugated antibodies.

Goat anti-mouse lgGi
Mouse anti-human CD34
Mouse anti-human CD4
Mouse anti-human CDS

Miltenyi

1/5

Miltenyi

1/1

Miltenyi

1/5

Miltenyi

1/5

2.20. DETECTION OF TRANSGENES BY POLYMERASE CHAIN
REACTION
Genomic DNA was isolated from transduced cells (previously purified
to >95% purity on the basis of ALNGFR expression) using the Qiagen
DNAeasy kit. Briefly, 5x10® were washed resuspended in 200pl PBS and
RNA removed by adding 4pl RNAase A (100mg/ml). Cells were lysed using
Proteinase-K and cellular DNA recovered using silica-gel membrane spin
columns in accordance with the manufacturers guidelines. Between 5-1 Opg
of DNA was isolated in this manner from HeLa cells and M0LT4 T cells.
Primary T cell cultures yielded up to 5pg of genomic DNA using a similar
number of cells.
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The DNA was used as template for PCR detection of transgenes. HSVTKwt
and HSTKSR39 were detected using the primers and conditions described
earlier. The following primers were used to detect ALNGFR:Forward;5’GAGGCGGGCCATGGGGGCAGGTGCCACCGGCCGCGCAATG
GACGG3’ Reverse:5’GACTCTAAGAGGATCCCCCTGTT3’.

2.21. DETECTION OF HSVTK AND HSVSRTK39 BY WESTERN
BLOTTING
Approximately 10® transduced T cells were lysed for 10 minutes in
0.2ml lysis buffer at 40. Lysates were clarified by centrifugation and the
samples resolved by SDS-PAGE alongside standard molecular weight
markers (Rainbow ladder, Amersham). The proteins were transferred onto
nitrocellulose membranes and were blocked with PBS/5% (w/v) non-fat milk
(Marvel) for Ihour at room temperature and then incubated with polyclonal
1:600 diluted FISVTK sera polyclonal rabbit antibody (A gift from M.Black,
USA). The membrane was then washed with PBS-T and incubated with
1:1000 diluted

horseradish peroxidase conjugated anti-rabbit antibody

Protein was detected by enhanced chemiluminescence (ECL, Amersham).
Filters were stripped by incubation for 20 minutes in 0.2M NaOH and then
washed twice in PBS-T and again incubated in blocking buffer for 1 hour. The
integrity of the lysates was then verified by probing with an anti-pactin
antibody and subsequent detection with horseradish peroxidase conjugated
anti-mouse antibody.
Expression

of

a

truncated

CD34/HSVTKSR39

fusion

protein

(described in Chapter 5) was detected by initially probing membranes with
anti-CD34 and anti-p actin antibodies. The membranes were then stripped
and probed with anti-FISVTK serum (Table 2.5).
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Table 2.5. Antibodies used for Western Blot analysis

Rabbit anti-HSVTK

1/600

Goat anti-rabbit IgG (Dako)

1/1000

Mouse anti-human p
actin (Sigma)

1/1000

Rat anti-mouse lgGi (Sigma)

1/1000

Mouse anti-human
CD34 (QBEND 10,
Abeam)

1/500

Rat anti-mouse lgGi (Sigma)

1/1000

2.22. AUTORADIOGRAPHY
Film cassettes with two intensifying screens (Lightning Plus, Dupont)
were used for exposure of XAR-5 film (Kodak) for between 15 seconds and
15 minutes.

2.23. ASSESSMENT OF SUICIDE GENE FUNCTION
Cells enriched for ALNGFR were exposed to a range of concentrations
(between O-IOOpM) of GOV (Roche) and ACV (Glaxo-Wellcome). FleLa cells
were seeded at 5000/well, in triplicate in a 96 well plate. Jurkat and M0LT4
cells were cultured at lOVwell and PBMOs at 10^/well in 96 u-well plates.
After 7 days (4 days for PBMOs) viability was assessed as a function of
mitochondrial activity

by spectrophotometry.

Cells were washed

and

resuspended in lOOpI of FIBSS containing 0.5mg/ml 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma). After incubation for three
hours at 370/5%002, lOOpI of acidified isoproponal was added to each well
to dissolve the formazan blue crystals and the plates analysed on a
microplate reader (Dynex Revelation). Measurements at 630nm were
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subtracted from values at 570nm, and results expressed as a percentage of
control wells that were not exposed to GCV or ACV.

2.24. MIXED LYMPHOCYTE REACTIONS
Responder I cells and stimulator cells were resuspended at 10®/ml in
X-Vivo 10/5% human AB serum. Stimulator cells were irradiated (2500Rads)
and lOOpl/well plated in triplicate in a 96u-well plate. Autologous or
allogeneic responder cells were added in an equal volume and the cells
cultured for 6 days, before a 16-hour pulse with 0.5pCi/well ^H-thymidine
(Amersham). Plates were harvested onto a filtermat using a Wallac 96 well
plate harvester. Radioactive incorporation was measured using a Wallac pcounter.

2.25. CFSE TRACKING OF I CELL TRANSDUCTION
CFDA-SE

(Carboxy-fluorescein

diacetate

succinimidyl

ester,

Molecular Probes) was dissolved in DMSO at 5mM and stored at -200, and
used at a final concentration of 5pM. Fresh PBLs were washed and
resuspended at 10®/ml in X-Vivo 10 (without serum) and incubated with
CFSE for lOminutes at 37C. Cells were then washed twice in X-Vivo 10 and
resuspended in X-Vivo 10/10% ABS and added to the stimulator plates
coated with anti-CD3 and anti-CD28 in the presence of 30iu/ml of IL-2. An
aliquot of cells was removed at the start of the experiment and then daily until
the end of the transduction procedure and labeled with anti-CD4PE or antiCD8PE. Analysis was carried out using flow cytometry as described above.

2.26. SPECTRATYPING OF THE T CELL Vp REPERTOIRE
CDR3 spectratyping was performed by D.King as previously described
(King et al, 2001). Magnetic bead sorting was used to separate CD4'^ and
CD8^ T cells from samples prior to transduction and ALNGFR positive cells
after transduction (Table 2.4). Cells were washed and resuspended in TriReagent.

Extracted

RNA was

used to

generate

cDNA

by

reverse
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transcription, and this was used as a PCR template to amplify each Vp CDR3
region using primers specific for the Cp and Vp regions (950 for 30s, the 35
cycles of 950 for 25s, 600 for 45s and 720 for 45s, followed by elongation
for 5minutes at 720). The products generated were then labeled in a run off
reaction (under the above conditions, over 10 cycles) using a fluorophore
conjugated, nested Op primer and run on an automated sequencing
apparatus sequencing kit (MegaBace)

2.27. GENERATION OF CYTOMEGALOVIRUS SPECIFIC T CELLS
Approximately 10® PBMOs from two healthy HLA-A2 volunteer donors
known to be seropositive for OMV were isolated by Ficoll gradient
centrifugation. Cells were cultured in X-Vivo 20 for 2 hours to allow the
monocyte fraction to adhere. The non-adherent fraction was removed and
approximately 20x10® cells were transduced with the PG-SFFV-TKSR39IRES-LNGFR supernatant as described above. The remaining cells were
cryopreserved until required.
The monocytes were differentiated into immature dendritic cells (DCs)
in X-Vivo 20 supplemented with 10% autologous serum and lOOng/ml
interleukin-4 (R&D systems) and lOOng/ml granulocyte-macrophage colony
stimulating factor (GM-OSF, R&D systems) for seven days in a 370/5% 0 0 2
incubator. The DCs were co-cultured with either autologous quiescent PBLs
or transduced T cells (1:20 stimulatoriresponder ratio) in X-Vivo 20/10%
autologous serum and 1mg/ml OMV antigen (Dade Behring) for a further 14
days (further autologous DCs and 0.5mg/ml OMV antigen were added after 7
days and 20iu of rlL-2 were added on days 10, 12 and 14).
Parallel cultures were set up in 96 well plates to quantify the
proliferative responses of the co-cultures. 5000 DCs were cultured with 10®
quiescent PBLs or transduced T cells in triplicate in the presence of 1mg/ml
OMV antigen, control antigen (Dade Behring), or no antigen in 200pl of XVivo 20/10% autologous serum. On day 5 of the culture 0.5pOi of ®Hthymidine (Amersham) was added to each well and the plates harvested after
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a further 16 hours onto a filtermat using an automated harvester (section
2.24).

2.28. CYTOTOXICITY ASSAYS
Responder cells from co-cultures were used as effector cells in lactate
dehydrogenase

(LDH)

release

assays

of cytotoxicity

(Cytotox96

kit,

Promega). Target cells were autologous DCs pulsed or not pulsed overnight
with OMV antigen. HLA mismatched allogeneic DCs pulsed or not pulsed
with CMV were used as control targets. Each group was set up in triplicate in
96 u-well plates in a final volume of 200pl of X-Vivo 10 without phenol red
supplemented with 5% human AB serum, using 3000 target cells per well
and various effectortarget ratios. After 4 hours, 50pl of the supernatant was
transferred to a flat-bottomed well containing 50pl of a chromogenic
substrate for LDH and incubated in the dark for 20 minutes. 50pl of a stop
solution were added and the plate read. The percentage of target cell lysis
was calculated using the following formula:

Lysis %= (experimental release)-(tarqet spont. release)-(effector spont. release)
(target maximum release) - (target spontaneous release)

2.29. ANIMAL STUDIES
Immunodeficient mouse strains with common interleukin y-chain and
RAG2 null alleles (yc7RAG2‘, Goldman et al, 1998b) and a triple knockout
variant strain with an additional deficiency in C5 complement were used (yc‘
/RAG27C5'). All mice were housed in a sterile environment in counter-flow
cages and were manipulated in a laminar flow hood. All procedures were
carried out under Home Office license and performed in accordance with
good animal husbandry guidelines. Sick mice were identified by loss of
activity, hunched posture, ruffled fur and the development of peritoneal
collections or palpable abdominal tumours.
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2.30. CONFOCAL MICROSCOPY IMAGING
HeLa cells were transduced

with

PG-SFFV-HSVTKSR39-IRES-

LNGFR or PG-SF-tCD34/TKSR39 and selected using magnetic beads on the
basis of ALNGFR or tCD34 expression respectively. 5x1 O'* cells were seeded
in each well of an 8 well slide chamber (Labtek II, Nalge Nunc) and incubated
overnight at 370/5% 002.
The

cells were

washed

with

PBS-1%HAS

and

fixed

in

1%

paraformaldehyde for 20 minutes. After exposure to 0.5% TritonX in PBS for
2 minutes, the cells were washed again. Primary antibody staining was
performed by the addition of lOOpI staining buffer with the appropriate
dilution of anti-LNGFR and anti-OD34 antibodies either alone or in
combination with anti-HSVTK. After 1 hour the slides were washed twice and
the secondary antibodies added (Table 2.6). After 1 hour cells were washed
and a coverslip attached using a fluorescent mounting medium (Dako). A
laser-scanning microscope (Leica, St Gallen, Switzerland) fitted with the
appropriate filters was used to image slides. Images were processed using
Leica TCS start and Adobe Photoshop software.

Table 2.6. Antibodies used for confocal microscopy staining

Primary Antibody

Conjugated Secondary
j Diiution Antibody

Dilution

Rabbit anti-HSVTK
(gift, M.Black)

1/100

FITC Swine anti-rabbit IgG
(Dako)

1/100

Mouse anti-human
LNGFR
(Pharmingen)

1/50

Cy5 Goat anti-mouse IgG
(Sigma)

1/100

Mouse anti-human
CD34(QBEND10,
Abeam)

1/20

Cy5 Goat anti-mouse IgG
(Sigma)

1/100
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3.1. INTRODUCTION
3.1.1 RETROVIRAL VECTOR PLASMID
Vector construction involves the generation of a plasmid that contains
all of the signals needed in cis for vector packaging, reverse transcription and
integration, whilst protein coding regions are substituted with genes of
interest. Internal promoters can be used to express the heterologous genes
carried by retroviral vectors, but more stable expression can usually be
achieved if expression is driven by the 5’LTR (reviewed Lemoine & Cooper,
1996). One major concern associated with this approach has been the
phenomenon of silencing, over time, of LTR directed transcription. Such
silencing is thought to arise as a consequence of cytosine méthylation events
that are elicited by host cells as part of a defensive reaction against
transposable elements (Bestor, 2000). Modification of the U3 region of the
LTR and the primer binding sites, important regions for determining
transcriptional activity, has been used to reduce the risk of silencing and to
direct tissue tropism (Grez et al, 1990). Baum et al. (1995) have constructed
hybrid vectors, using the 3’ LTR from the Spleen Focus Forming Virus
(SFFV) and a 5’LTR derived from MESV (Murine Embryonic Stem Cell Virus),
which exhibit high levels of transcriptional efficiency and support the long
term maintenance of gene expression in haematopoietic cells. SFFV is a
replication-defective form of the erythroblastic Friend Murine Leukaemia
Virus, and has a U3 region encoding strong regulatory influences on cells of
the myeloid lineage. MESV was itself engineered by combining the LTR from
PCMV (PCC4-cell-passaged Murine Sarcoma Virus) with a mutated primer
binding site from an endogenous murine retrovirus and is known to resist
silencing (Grez et al, 1990). The ability of such vectors to transduce and
maintain stable expression in human myeloid cells and stem cells has been
reported by several groups (Limon et al, 1997; Flasshove et al, 2000).
Vectors derived from the SFFV hybrids have been shown to exhibit up to two
magnitudes greater transgene expression than vectors relying on MoMLV
conventional control elements (Hildinger et al, 1998).
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An enhanced variant of the green fluorescent protein (eGFP) from the
jellyfish Aequorea victoria was chosen as a convenient bioluminescent
reporter of retroviral mediated transduction (Yang et al, 1996; Tsien, 1998).
The chromophoric properties of GPP are intrinsic to the molecule, and
therefore no substrates or co-factors are required for analysis by flow
cytometry. Expression of the molecule is not thought to be toxic to
lymphocytes or have any known influence on function. However, as
expression of eGFP is intracellular, selection of transduced cells using
antibody based magnetic bead systems is not possible, and alternative cell
surface based marker systems are required. ALNGFR was chosen as the
cell surface selection marker of choice as it has already been used in clinical
trials of suicide gene therapy (Bonini at ai, 1997). To confirm reliable
expression of two transgenes from our bicistronic vector a dual reporter
system (encoding both eGFP and ALNGFR) was designed using the
Encephalomyocarditis Virus derived 1RES sequence (Gallardo et al, 1997).
Equivalent expression of eGFP and ALNGFR could be used to provide
evidence that in later experiments, the expression of ALNGFR correlated
with the presence of HSVTKwt or HSVTKSR39.

3.1.2. PACKAGING SYSTEMS
Plasmid DNA was transfected into the helper-free packaging cell line
Phoenix-Ecotropic

(O e ).

These packaging lines have been engineered to

allow monitoring of gag-pol production through linkage to a CDBa surface
marker downstream of the reading frame of the gag-pol construct.

Flow

cytometric analysis of CDBa expression is a direct reflection of the producer
cells ability to produce gag-pol gene products. Hygromycin and diphtheria
resistance are included as co-selectable markers to allow the isolation of the
most productive packaging cells. High efficiency transfection was achieved
using Lipofectamine and the retroviral virions produced were harvested from
the supernatant of subconfluent cultures. Filtered supernatant from phoenix
ecotropic cells was used to stably transduce the PG13 line (providing GALV
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envelope) and supernatant from ttiese cells in turn used to infect ttie FLYRD18 line (RD114 envelope). The procedures are shown in Figure 3.1 and
Table 3.1 summarises the properties of the packaging cell lines used.

Table 3.1. Summary of packaging cell lines characteristics
The maximum reported viral titres (transducing units/ml) are given. Drug
resistance genes already present in the packaging lines were originally used
to aid co-transfection of defective helper constructs: gpFxanthine guanine
phosphoribosyltransferase; fk-thymidine kinase; c//?fr-dihydrofolate reductase;
/?yg-hygromycin; b/e-bleomycin; bsr- blasticidin; DT-Diphtheria Toxin
The susceptibility of mouse and human cells to each virus type is indicated.

Human embryonic
kidney

Mouse
fibroblast

Human
myosarcoma

Envelope

Ecotropic

GALV

RD114

Maximum
Titre

10®

3x10®

10^

Selection

hyg/DT
CD8a

tk/dhfr

bsr/ble

Parent cell

Mouse
Susceptibility

Human
Susceptibility

+

-

-

+

+
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The PG13 packaging cell line was originally generated by co
transfection of the Moloney Murine Leukaemia (MLV) virus gag-pol elements
with HSVTK into the mouse fibroblast line NIH 3T3/HSVTK'. The GALV env
component was the added by co-transfection with the mutant Methotrexate
resistant dihydrofolate reductase and hygromycin phospho-transferase genes
(Miller et al, 1991). The virions produced are capable of infecting rat, cat,
dog, monkey and human cells, but not mouse cells. Thus, the risk of
autoinfection of the packaging line, leading to possible re-combination events
and the generation of replication competent retroviruses, is greatly reduced.
The GALV receptor (GLVR-1) is expressed on lymphocytes at much greater
levels than receptors for amphotropic viruses, and the PG13 packaged
vectors have been shown to transduce T cells at a higher efficiency than the
previous generation of vectors (Lam et al, 1996).
Murine-based packaging cell lines may harbour endogenous murine
retroviral material. One example are the VL30s sequences, which are not
thought to produce any virion structural components, but can be efficiently
packaged and thus are potentially transmissible (Levy, 1992). There have
been concerns that recombinant retroviruses could emerge from the co
packaging of endogenous sequences and murine retroviral vector
components. The FLYRD18 line was originally constructed from the human
fibrosarcoma HT1080 cell and hence is free from endogenous MLV retroviral
genome sequences (Cosset et al, 1995). The line produces the RD114
envelope, derived from the Feline Endogenous Retrovirus, which utilises a
Na^-dependent neutral-amino-acid transporter to enter cells. Virions
packaged in RD114 can infect a wide range of human cells, but not murine
cells (Tailor et al, 2001 ).
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Figure.3.1. Generation of stable packaging lines.
Phoenix ecotropic cells were transfected with plasmid DNA using the Lipofectamine plus regent. The transiently produced retroviral
supernatant was collected and used to stably infect the PG13 (GALV env) cell line. Supernatant from the PG13 cells was in turn used
to infect the FLY-RD18 (RD114 env) packaging line. Single virus producing cells were isolated by flow cytometric sorting into a 96
well plate. High virus titre producing clones were identified by the transduction of a fixed number of HeLa cells using increasing
dilutions of supernatant.

Supernatant
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Phoenix
Ecotropic

PG13-GALV

FLYRD18-RD114

Vector DNA
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Single cell sorting
by Flow Cytometry

Supernatant
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Using HeLa target cell

Polybrene

mAb to ALNGFR
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3.2 RESULTS
3.2.1. GENERATION OF RETROVIRAL VECTORS
A dual marker protein plasmid was generated to test the integrity of the
ECMV-IRES sequence in allowing the expression of two transgenes from a
single construct. A 954bp region encoding full-length ALNGFR was ligated
into the BamH1 and EcoRI sites of pBluescript. The encephalomyocarditis
virus derived 1RES sequence was released from plRES2-EGFP by digestion
with Spe1 and Nco1 and was ligated upstream of the ALNGFR between the
blunted Xho1 and EcoR1 sites. The IRES-ALNGFR segment was then
ligated between the Xho1 and Not1 sites of the SFFV retroviral backbone. A
774bp region encoding the eGFP gene (also from plRES2-EGFP) was then
ligated into the Sail site upstream of the 1RES. Finally, the entire eGFPIRES-ALNGFR cassette was also ligated into the BamH1/EcoR1 sites of an
alternative vector encoding the MSCV 5’LTR. Figure 3.2a shows restriction
digestion analysis of the dual marker protein constructs based on the SFFV
vector.
PET expression vectors, encoding the herpes simplex virus HSVTK
and mutant HSVTKSR39 (Black et al, 2001), were digested with Ncol to
release a fragment encoding the HSVTK/HSVTKSR39 and this was used to
substitute eGFP by ligation upstream of the IRES-ALNGFR sequence in the
dual reporter vector. The resulting plasmids failed to support the production
of retrovirus virions when transfected into the Phoenix packaging cell line,
and

a

careful

analysis

of the

plasmid

sequence

revealed

that a

polyadenylation signal was present between the open reading frame of the
HSVTKwt/TKSR39 and the 1RES sequence. In order to eliminate this region
the HSVTKwt/HSVTK39 coding regions were regenerated by PCR to include
5’Mun1 and 3’ Sail terminal restriction sites. Direct substitution with the PCR
product was then possible after digestion with Muni

and Sail. The

anticipated sequences of the HSVTKwt and HSVTKSR39 were subsequently
confirmed by PCR based sequencing (Shown in Figure 5.IB). Restriction
digestion analysis of the final constructs is shown in Figure 3.2.
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Figure 3.2A. Plasmid map and restriction digestion analysis of pSFFV-eGFP-IRES-LNGFR
(A) digested with BamH1 (2317, 5178bp fragments), EcoRI (1403, 6092bp fragments) and Kpnl (1028,1230,1672, 3565bp) on a 1%
agarose gel.

5' LTR PCMV
Kpn I (407)

1

§

c

00

LU

^

05

EcoRI (1406)
Sal 1(1425)

AR

O

Q.

kb
6000

Hinc 11(1427)

3000
Kpn 1(1435)

pSFFV-EGFP-IRES-LNGFR

Barnm (1446)

7495 bp

Nco 1 (1463)

EGFP
Sal I (2203)

OR!

Hinc II (2205)

1RES

Kpn I (4337)

S' LTR SFFV
Barnm (3763)

Kpn I (2665)
Eco RI (2809)
Nco I (2956)

LNGFRdel

2000
1650
1000
850

Figure 3.2B. Plasmid map of pSFFV-HSVTK-IRES-LNGFR (and the HSVTKSR39 sister plasmid).
Restriction digestion analyis with BamH1 (8140bp fragment), EcoRI (2048, 6092bp fragments) and Kpn1 (1351,1552,1672,3565bp
fragments) on 1% agaraose gel is shown. The inadvertent inclusion of a PolyA site between the HSVTK and 1RES sequences was
later discovered and revised (Figure 3.2C).
5' LTR PCMV

1TO

Kpn I (407)

00

IO

LU

c

Q.

kb

6000
EcoKl (1406)

AR

Nco 1(1427)

pSFFV-HSVTK-IRES-LNGFR
8140 bp

Kpn 1(1959)

HSV1-TK

4000
3000
2000
1650
1000
850

ORI
Nco I (2846)

1RES

Kpn I (4982)

Kpn 1(3310)

3' LTR SFFV

Barnm (4408)

EcoRI (3454)
Nco 1 (3601)

LNGFRdel

Figure 3.2C. Plasmid map of pSFFV-HSVTKSR39-IRES-LNGFR (and the HSVTK wild type sister plasmid).
Restriction digestion analysis with BamH1 (7863bp fragment), EcoRI (1771, 6092bp fragments) and Kpnl (1074,1552,1672,3565bp
fragments) on a 1% agaraose gel is shown. The HSVTK/HSVTK39 regions were regenerated by PCR to eliminate a PolyA site
between the open reading frame and the 1RES site.
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3.2.2. GENERATION OF PACKAGING CELL LINE CLONES
The

packaging

cell

lines

PG13 and

FLY-RD114

were

stably

transduced using the supernatant from transiently transfected Phoenix
ecotropic cells. Examples of flow cytometric analysis data for expression of
ALNGFR in these cell lines is shown in Figure 3.3. The 10% of cells
expressing ALNGFR at the greatest intensity were sorted at the single cell
level (Figure 3.4B,C) and a bulk collection retained for cryopreservation.
Analysis of the bulk collection confirmed the integrity of the procedure in
isolating an extremely pure population of ALNGFR expressing cells (Figure
3.4D). The FLYRD18 packaging cell line is derived from human fibrosarcoma
cells and was found to constitutively express LNGFR albeit at a relatively low
intensity (Figure 3.5) and this did not appear to compromise gating for the
sorting procedure as transduced cells expressed ALNGFR at a much greater
intensity.

3.2.3. ESTIMATION OF VIRAL TITRES
Viral titres were estimated by the measuring the percentage of HeLa
cells transduced at various dilutions of viral supernatant. An example of flow
cytometric data for a PG13-SFFV-eGFP-IRES-LNGFR cell clone is shown
(Figure 3.6). At the lowest dilution, 50,000 HeLa cells were exposed to 5pl of
viral supernatant. After 48 hours, approximately 11% of the cells expressed
both eGFP and ALNGFR, indicated that at least 1.1x10® viral particles were
present in the supernatant. The clones producing the highest virus titres are
listed in Table 3.2.
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Figure 3.3. Production of PG13 packaging cell lines
A. Phoenix ecotropic cells analysed for expression of ALNGFR (and eGFP) 48 hours
after transfection with retroviral plasmids pSFFV-EGFP-IRES-LNGFR, pSFFVHSVTKwt-IRES-LNGFR, pSFFV-HSVTKSR39-IRES-LNGFR
B. Supernatant from Phoenix cells was used to stably transduce the PG13 packaging
cell line, and cells were analysed by flow cytometry
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Figure 3.4 Single cell sorting of PG13 packaging cell lines on the basis of
ALNGFR expression.
(a) Mock infected controls. The selection gate was set to identify the highest 10% of
infcected cells
(b) HSVTK/LNGFR and (c) HSVTKSR39/LNGFR bearing cells were sorted on a
single cell basis into 96 well plates using the autocloner.
(d) A bulk collection was also made and used to confirm the purity of the gated
fraction
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Figure 3.5. Single cell sorting of FLY-RD18 packaging cells on the basis of
ALNGFR expression.
(a) Isotype control.
(b) Non-transduced cells expressed LNGFR, albeit at low intensity.
(c) The dual marker protein construct pSFFV-eGFP/LNGFR revealed the higher
intensity of ALNGFR expressed from transgene in comparison to endogenous
LNGFR.
(d )Cells expressing ALNGFR at the highest intensity were selected for cloning.
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Figure 3.6 Estimation of the titre of PG13-SFFV-eGFP/LNGFR viral supernatant
on HeLa Cells
50,000 HeLa cells were exposed to serial dilutions of supernatant in a final volume
of 1ml. Using 5pl of supernatant (1:200) a transfer efficiency of 10% and hence the
titre of this viral preparation can be estimated to be >10®/ml.
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Table 3.2. Estimated (highest) titres of the packaging cell lines.

SFFV-eGFP/LNGFR

SFFV-HSVTKwt/LNGFR

SFFV-HSVTKSR39/LNGFR

MSCV-eGFP/LNGFR

PG13

1.1x 10®

FLYRD18

1.0x10®

PG13

0.8x10®

FLYRD18

1.0x10®

PG13

1.5x10®

FLYRD18

2.0x10®

PG13

0.8x10®

3.2.3. TESTING THE ENCEPHALOMYOCARDITIS 1RES FUNCTION
Constructs encoding both eGFP and ALNGFR were used to confirm
that the ECMV-IRES was able to efficiently support the expression of both
proteins. Flow cytometry was used to measure expression of eGFP and
ALNGFR. In all the cell lines evaluated (FleLa, Jurkat, M0LT4) and in primary
T cells, the percentage of cells expressing eGFP was closely matched by the
percentage expressing ALNGFR (Figure 3.7). There were no instances in
which the expression of the downstream gene (ALNGFR) was lower than the
eGFP gene upstream of the 1RES and in all experiments, the number of cells
expressing eGFP but not ALNGFR (and vice-versa) was minimal. The data
indicated that the ECMV-IRES was capable of supporting the expression of a
second transgene in retroviral plasmids in which expression of the first
transgene is regulated by the 5’LTR.
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Figure 3.7 Detection of HSVTK transgene and protein
(A)PCR detection of transgenes in retrovirally transduced HeLa cells. The upper panel
shows detection of the HSVTK/HSVTKSR39, and the lower panel shows PCR detection
of the ALNGFR transgene. Lane 1; genomic DMA from eGFP/LNGFR transduced cells.
Lane 2: HSVTKwt/LNGFR transduced cells. Lane 3; HSVTKSR39/LNGFR transduced
cells. Lane 4; water only. Lane 5 Plasmid pSFFV-TKwt-IRES-LNGFR.
(B)Western Blot detection of HSVTK in transduced Hela cells after enrichment to >95%
purity on the basis of ALNGFR selection. Lane 1: eGFP/LNGFR. Lane 2: TKwt/LNGFR.
Lane 3; TKSR39/LNGFR.
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3.2.4. DETECTION OF TRANSGENES AND TRANSGENE PRODUCTS IN
TRANSDUCED CELLS
Transgenes and transgene products were detected by three different
methods. Flow cytometry was used to detect eGFP and ALNGFR as
described above. PCR analysis of genomic DMA extracted from transduced
cells was used to detect the HSVTK and ALNGFR transgenes. In Figure 3.8
HeLa cells were transduced and enriched to greater than 95% purity on the
basis of ALNGFR expression.

PCR primers designed to detect full length

HSVTK (wt or SR39) produced appropriate sized bands in samples from cells
transduced with HSVTKwt or HSVTKSR39, but not cells transduced with
eGFP. When primers designed to detect ALNGFR were used, bands were
seen in all three lanes. Western blot analysis was used to successfully probe
for both the HSVTK species in the appropriate populations of enriched HeLa
cells. A band was not seen in the eGFP transduced control cells, and
detection of p-actin in each lane confirmed equivalence of sample loading.
3.2.5. STABILITY OF LONG TERM TRANSGENE EXPRESSION IN T
CELL LINES
The ability of vectors using the SFFV-LTR to support transgene
expression over a prolonged period was examined. Jurkat T cells were
transduced with the following SFFV based vectors packaged with PG13SFFV-eGFP-IRES-LNGFR; SFFV-HSVTKwt-IRES-LNGFR; SFFV-TKSR39IRES-LNGFR.

Using magnetic bead sorting, populations were selected to

>90% ALNGFR expression. Cells were cultured at optimal density with twice
weekly change of medium for 120 days. Transgene expression was followed
by serial analysis using flow cytometry for ALNGFR expression, and was
sustained in all populations (Figure 3.9). The percentage of cells expressing
ALNGFR remained stable and the mean fluorescent intensity (MFI) of
expression at 120 days was not diminished.
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Figure 3.8. Stability of transgene expression in long term Jurkat T cell cultures.
Jurkat T cells were transduced using the PG13-packaged SFFV based vectors and
followed by serial flow cytometric analysis for 120 days. Expression of ALNGFR,
expressed downstream of the ECMV-IRES sequence, remained stable over this
period. The mean fluorescent intensity of expression varied between individual
assessments, but at 120 days was as strong as at the start of the experiment (not
shown).
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Figure 3.9. Integrity of the ECMV-IRES function
The dual marker protein plasmid pSFFV-eGFP-IRES-LNGFR was packaged using
PG13 (or FLYRD18) cell line and the virus used to transduce a variety of cell lines.
The percentage of cells expressing eGFP closely correlated with the fraction
expressing ALNGFR ( at all levels of expression). Data is shown for the PG13
producer cell line, HeLa cells, Jurkat T cells and peripheral blood mononuclear cells
(PBMGs)
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Figure 3.10. Summary of vectors used in this study.
(A) Dual marker construct based on SFFV retroviral vectors
(B) Dual marker construct based on MSCV retroviral vectors
(C) FISVTKwt/LNGFR construct based on SFFV vectors
(D) FISVTKSR39/ALNGFR construct based on SFFV vectors
(E) tCD34/ALNGFR fusion construct based on SF11 (Chapter 5)
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3.3. DISCUSSION

Conventional retroviral vectors, based on MFG, have recently been
used in the first successful gene therapy trials for the correction of X-lined
severe combined immunodeficiency (Cavazzana-Calvo et al, 2000; Parsley
et al. 2002)

However, long term experiments in mice using MFG-eGFP

constructs, have suggested that there may be inactivation of transgene
expression over time using these vectors (Kluge et al, 2000). The SFFV
based hybrid retroviral vectors were first described in 1995 (Baum et al,
1995) and are currently under development for clinical gene therapy studies
for the correction of X-linked chronic granulomatous disease as part of a
phase 1 study following regulatory approval (Thrasher & Grez, personal
communication). They have been shown to resist silencing and provide the
strongest transcriptional activity known for retroviral gene expression in
haematopoietic cells (Hildinger et al, 1999). The constructs generated here
are summarized in Figure 3.10 and are ideally suited for studies of
lymphocyte transduction. Expression of eGFP and ALNGFR was followed for
over 100 days in Jurkat cells and remained remarkably constant. A related
construct with an altered leader sequence intended to abrogate the possible
expression of aberrant proteins became available during the course of this
study and was provided by M.Grez (Junker et al, 2002) after being
engineered to express a chimaeric fusion protein comprising HSVTKSR39
and the truncated

splice variant of CD34

(Figure

3.10).

Functional

comparisons between the different constructs (including fusion and non
fusion HSVTKs) are described in Chapter 5.
The successful clinical use T cell suicide gene therapy is dependent
on most (if not all) the T cells expressing HSVTK. To achieve this goal, the
co-expression of selectable markers has been used to enrich HSVTK
expressing cells. To ensure that the expression of the selectable marker
ALNGFR reliably correlated with the expression of a second transgene
expression was linked to eGFP using the ECMV-IRES sequence. 1RES
elements were first found in the non-translated 5’ ends of picornaviruses
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where they promote cap-independent translation of viral proteins (Coffin et al,
1997). In retroviral vectors, the 1RES element directs expression of a second
gene, following cap dependent expression of the first, from a single mRNA
molecule (Martinez-Salas, 1999). Comparisons of picornovirus derived 1RES
function have suggested that variability in the levels of expression of the
second transgene may depend on target cell related factors (Borman at ai,
1997). For example, a five to six fold reduction in expression has been
reported in a study using SFFV based vectors if the eGFP is switched
downstream of the polio virus derived 1RES (Flasshove at al, 2000). This
study has used an 1RES derived from the encephalomyocarditis virus
(ECMV) (Gallardo at al, 1997; Zhu at al, 1999) and investigated the integrity
of expression of trangenes cloned downstream of this sequence. It was
reassuring that there was direct linear correlation between expression of the
two marker proteins. Thus, constructs linking HSVTK to ALNGFR can also
be expected to reliably express both trangenes.
The PG13 and FLY-RD18 packaging cell lines were used to generate
infectious viral particles, and single cell high virus titre clones were selected
from each. The two step approach to the production of a stable packaging
cell line, whereby virus produced by a first packaging cell line was used to
infect a second is considered to be an effective way of avoiding the insertion
of multiple vector copies. Paradoxically, the titre of virus from infected cells
containing a single provirus is often higher and virus production more stable,
than if multiple vector copies are present (Coffin at al, 1997). Both the PG13
and FLYRD118 lines produced virus estimated to contain >10® infectious
particles/ml. Such estimates were always performed using a fixed number of
HeLa target cells using polybrene as a facilitator, and may not accurately
reflect the number of particles capable of infecting T cells. The ability of the
virus pseudotyped with GALV or RD114 to transduce T cells was compared
and found to be similar (Chapter 4). Until a number of potential regulatory
issues relating to the clinical use murine and human cell derived packaging
lines are clarified, it seemed appropriate to generate both lines. As the
retroviral vectors are based on MLV and the murine PG13 cell line harbours
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endogenous murine retroviral sequences, there is a risk of recombination
events leading to the generation of replication competent viruses. However,
as

GALV-pseudotyped

virus

is

incapable

of

infecting

murine

cells,

autoinfection of the producer cell line is unlikely. The alternative, FLY-RD18
(human) cell line, although free of endogenous murine retroviral sequences,
produces virus that is capable of re-infecting the parent cell and thus may
carry an increased risk of adverse recombination events.
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4.1. INTRODUCTION
I cell transduction protocols that rely on the co-culture of target cell
populations with packaging cell lines (Mavilio et al, 1994; Rudoll et ai, 1996)
have been used in clinical trials (Bonini et ai, 1997). However, they are
associated with safety concerns as there is a risk that virus producing cells
may be passed onto patients. Such concerns have led to the development of
virus supernatant-based transfer protocols in which target cells have no
contact with virus producing cell lines. Efficient transduction of T cells with
retroviral supernatant is influenced by factors relating to the virus, the target
T cells and interactivity between the two. Viral titres of between 10® and 10^
infectious particles/ml are usually obtainable form retroviral packaging cells
and the half-life of virus is usually around 6 hours in culture medium (at 37C)
and between 5.5 to 7.5 hours once the virus has entered the cell (Andreadis
et ai, 1997). Successful virion integration into the host genome is more likely
to be achieved if cells are rapidly dividing at the time of virus exposure.
Leukaemic T cells, which proliferate without additional stimulation, were used
as convenient targets to optimise conditions for gene transfer. They did not
require the inclusion of additional pre-activation procedures needed for the
transduction of primary I cells. A number of facilitating agents that stabilise
virus particles in culture and aid gene transfer were compared and particular
attention was directed towards the use of fibronectin. This is an extracellular
matrix molecule abundantly found in the bone marrow microenvironment and
has been shown to co-localise virus particles and target cells (Hanenberg et
ai,

1996;

Moritz

et al,

1996).

The

active

CH-296

carboxy-terminal

chymotryptic moiety of fibronectin is commercially available (Retronectin) and
contains binding sites for the integrins VLA-4 and VLA-5 (present on T cells)
and

a

heparin-binding

domain,

which

interacts

with

cell

surface

proteoglycans. The use of retronectin has greatly improved gene transfer
efficiency in protocols for HSC transduction and it is currently being used in
clinical trials for the corrective gene therapy of X-linked severe combined
immunodeficiency (Cavazzana-Calvo et al, 2000; Parsley et al, 2002).
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Primary I

cell transduction with retroviral vectors requires pre

stimulation of the cells sufficient to cause cell division. The I cell mitogen
PHA was used in early studies to induce primary I cell proliferation (Mavilio
et al, 1994; Bonini et ai, 1997). More recently anti-CD3 antibody alone (Lam
et ai, 1996; Movassagh et al, 2000; Ayuk et al, 1999; Fehse et al, 1998;
Tiberghien et al, 2001) or in combination with anti-CD28 antibody (Rudoll et
al, 1996; Pollok et al, 1998; 1999; Yang et al, 1999; Dardalhon et al, 2000;
Ferrand et al, 2000) has proven very effective. A wide range of supplemental
Interleukin (IL-2), with concentrations ranging between 25 and lOOOu/ml,
have been used in protocols and supplementation with IL-7 has also been
advocated by some groups (Dardalhon et al, 2000). The ex vivo activation,
transduction and selection (in particular extended selective culture for
antibiotic

resistance)

influences the

repertoire

and

immunophenotype

distribution of T cells (Ferrand et al, 2000). Some investigators have reported
a profound reversal of the CD4/CD8 subset ratio after stimulation with antiCD3 and IL-2 (Movassagh et al, 2000) and skewing of the T cell receptor Vp
repertoire. In contrast, activation with a combination of anti-CD3 and antiCD28 monoclonal antibody coated beads was associated with less skewing.
In this study a protocol for primary T cell transduction was developed
that integrated the most successful aspects of the studies discussed above.
Preactivation using ‘stimulator’ plates that were coated with monoclonal
antibodies 0KT3 (anti-CD3) and anti-CD28 was compared against PHA
activation.

The influence of rlL-2 supplementation on gene transfer and T

cell subset changes was assessed. A major objective was to minimise the
period of ex-vivo manipulation of primary T cells, and thus protocols aimed to
enrich and select transduced cells using magnetic bead selection within a
seven-day period. Constraints likely to apply to the clinical deployment of
gene transfer procedures were taken into consideration, and the use of non
human serum was avoided.
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4.2 RESULTS
4.2.1. GENE TRANSFER FACILITATORS
Retrovirus plasmids carrying the dual marker construct were used in
experiments to evaluate the transduction efficiency in experiments comparing
different gene transfer procedures. 10^ Jurkat T cells were resuspended in
1ml of medium and exposed to two rounds of virus exposure. The titre of
virus, established in Chapter 3 was approximately 10® particles/ml and thus
the virus:cell ratio was approximately 10:1. Two commonly used facilitation
agents, polybrene and protamine sulphate, increased transduction efficiency
only marginally (Figure 4.1A). The introduction of an additional step, whereby
Jurkat cells and viral supernatant were centrifuged for 30 minutes, before the
addition of fresh supernatant, was associated with improved transduction.
However, the use of the co-localisation agent retronectin was associated with
the highest transduction efficiencies. Furthermore, if plates were coated with
retronectin and pre-loaded with virus by centrifugation, almost 90% of Jurkat
cells were transduced. Similar results were obtained using the alternative T
cell line, M0LT4.

4.2.2. COMPARISON OF T CELL TRANSDUCTION BY HYBRID
RETROVIRAL CONSTRUCTS
Virus packaged using PG13 cells and encoding the dual marker
protein constructs encoding either the SFFV or MSCV LTR regions were
compared for their ability to transduce T cell lines (Jurkat or M0LT4 T cells)
along with SFFV based constructs encoding HSVTKwt or HSVTKSR39. Viral
titres had previously been estimated on H ela cells (Chapter 3) and were
similar for all constructs. Using two rounds virus exposure, on pre-loaded
retronectin coated plates, the expression of ALNGFR was comparable for the
SFFV based constructs (78-81%, Figure 4.1 B). The MSCV based virus
constructs achieved lower (30%) transduction efficiency (t test, P<0.01) and
thus all further experiments were subsequently carried out using the SFFV
derived plasmids. There was no difference between the transduction
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efficiencies achieved using PG13 and FLY-RD18 packaged virus (Figure
4.4C)

4.2.3. DETECTION OF HSVTK PROTEIN IN T CELL LINES

Magnetic bead mediated enrichment of transduced leukaemic T cells
allowed the isolation of highly purified populations of ALNGFR positive T
cells. In Figure 4.2, 74% of M0LT4 T cells were transduced with FLY-SFFVHSVTKSR39-IRES-LNGFR and enriched to 96% after one round of bead
selection. Similarly enriched populations were obtained for cells transduced
with the other relevant constructs, and were used for comparisons of HSVTK
expression in later experiments (and functional assessments. Chapter 5).
Figure 4.3 reveals similar levels of HSVTKwt and HSVTKSR39 when similar
numbers of enriched M0LT4 T cells were probed using a polyclonal antiHSVTK serum.

4.2.4. PRESTIMULATION OF PRIMARY LYMPHOCYTES
Comparisons were made between the ability of the T cell mitogen
PHA and stimulator plates coated with anti-CD3/anti-CD28 antibodies to
activate primary lymphocytes for retroviral transduction Figure 4.4. The use
of stimulator plates was associated with higher levels (mean 39%) of gene
transfer compared to PHA activated cells (mean 27%) in six individual tested
s (t test, P<0.05). An example flow cytometric plots obtained from one
sample transduced with PG-SFFV-eGFP/LNGFR is shown.
The target populations had a predominance of CD3^ cells within 48-72
hours of culture in the stimulator plates, and longer prestimulation induced
greater changes in the CD4:CD8 ratio (Figure 4.5A). The use of PHA rather
than anti-CD3/CD28 was also associated with a greater degree of subset
skewing. After pre-activation for different periods, 10® target cells were
resuspended in 1ml of medium and exposed to 1ml virus, with a second
round of virus exposure after 24 hours (Figure 4.5B).
considerable

inter-individual

variation

of transduction

There was

efficiencies

and

97

CHAPTER 4______________________________ TRANSDUCTION OF T CELLS

CD4:CD8 ratios, and data from nine individuals is shown in Figure 4.6, along
with a representative cytometry plot of eGFP-transduced cells co-stained for
CD4 or CD8. Alterations in the phenotype of I cells following activation and
transduction were examined further, and are considered in Chapter 7.
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Figure 4.1. Transduction of leukaemic T cells
(A) Comparison of facilitation agents in the retroviral transduction of Jurkat T cells.
Two rounds of exposure to the PG13-SFFV-eGFP/ALNGFR virus, 24 hours apart,
were used. Preloading of retronectin (RN) coated plates achieved the highest rate
of gene transfer.
(B) Comparison of retroviral constructs for I cell transduction
Retroviral constructs packaged by PG13 cells were directly compared for their
ability to transduce Jurkat T cells. Two rounds of virus exposure were used, 24
hours apart, on preloaded RN coated plates. Constructs using the SFFV LTR were
superior to MSCV plasmids (P<0.01), despite equivalent viral titres.
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Figure 4.2. Selection of MOLT4 T cells using magnetic bead selection
An example of flow cytometric analysis (A) non-transduced cells (B) 74% cells express
ALNGFR after transduction with FLY-SFFV-HSVTKSR39/LNGFR(C) 96% of cells express
ALNGFR after one round of magnetic bead selection
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Figure 4.3. Western Blot analysis of M0LT4 T cells.
Cells were transduced and enriched to greater than 95% LNGFR expression. Lane 1;
SFFV-TKwt-IRES-LNGFR. Lane 2: SFFV-eGFP-IRES-LNGFR. Lane 3: M0LT4 non
transduced. Lane 4; SFFV-TKSR39-IRES-LNGFR. The upper blot demonstrates that
HSVTK protein expression was equivalent in Lanes 1 & 4 when probed with polyclonal
rabbit anti-HSVTK polyclonal serum. The membrane was stripped and re-probed with a
mouse anti-p actin antibody to confirm equivalence of protein loading.
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Figure 4.4. Transduction of primary T cells
(A) Representative flow cytometric analysis of transduced PBMCs showing co
expression of eGFP and ALNGFR. (B) Preactivation with anti-CD3 and CD28
antibodies achieved higher transduction than PHA (n=6, p<0.05). Two rounds of virus
exposure over a 24 hour period on RN pre-loaded plates. (C) There was no difference
in gene transfer between virus packaged by PG13 or FLYRD18 cell lines. M0LT4 T
cells and PBMCs transduced with SFFV-TKSR39/LNGFR are shown
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Figure 4.5.Optimising the length of prestimulation of primary T cells
(A) The prestimulation of PBMCs (n=3) with anti-CD3/CD28 induced changes in the
phenotype of the target populations. Within 48-72 hours the majority of cells
expressed CD3 (right axis). Longer preactivation was associated with a greater
impact on the CD4;CD8 ratio (left axis)
(B) 48-72 hours of pre-activation with anti-CD3/CD28 was associated with the
greatest transduction efficiency (n=6). Two rounds of virus exposure were used
over a 24 hour period on RN plates pre-loaded with virus.
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Figure 4.6 Transduction of CD4 and CDS T cells
(A) An example of primary blood lymphocytes transduced with PG-SFFVeGFP/LNGFR and co-stained for CD4 or CD8 expression
(B) Analysis of the CD4:CD8 subset ratio before and after retroviral transduction in
9 volunteer donors. There was a reduction in the ratio after transduction in most
individuals even under optimised conditions.
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4.2.5. ROLE OF IL-2 SUPPLEMENTATION
Media supplementation with IL-2 was required to achieve adequate T
cell activation to sustain retroviral transduction. A range of concentrations of
IL-2 was evaluated for effects on transduction efficiency and effects on
CD4:CD8 ratios. A plateau of transduction efficiency was achieved with
supplementation of IL-2 30iu/ml and above. However, the use of higher
concentrations was associated with greater CD8 expansion and a reversal of
the CD4:CD8 ratio (Figure 4.7).
The protocol adopted for all subsequent primary I cell transduction
procedures was based on 10®/ml PBMCs preactivated on stimulator plates in
the presence of 30iu/ml of IL-2 for between 48 and 72 hours. This procedure
yielded approximately 10® /ml CD3^ cells which were then exposed to two
rounds of viral supernatant over 24 hours on retronectin coated plates, preloaded with additional virus. Cells were analysed by flow cytometry and
enriched by magnetic bead selection after a further 48 hours culture. The
total time for the procedure was between 6 and 7 days, and Figure 4.8 shows
cell numbers for 5 volunteer donors over the course of the procedure.

4.2.6. DETECTION OF HSVTK TRANSGENE AND PROTEIN IN PRIMARY
T CELLS
The transduction of primary T cells was followed by selection using
magnetic beads and monoclonal antibodies against ALNGFR. After a single
round of selection cells were over 95% LNGFR positive. For example Figure
4.9 shows 52% of T cells were positive for ALNGFR after two rounds of virus
exposure

(PG-SFFV-HSVTKSR39-IRES-LNGFR)

using

the

opitimised

protocol. After a single round of selection over 98% of cells selected were
ALNGFR positive. PCR analysis of genomic DNA used to confirm the
presence of the HSVTK transgene in T cells transduced with SFFVHSVTKwt-IRES-LNGFR or SFFV-HSVTKSR39-IRES-LNGFR but not SFFVeGFP-IRES-LNGFR (Figure 4.98). Western blot analysis revealed that at the
protein level the expression of HSVTKwt and HSVTKSR39 was similar when
equal numbers of cells were compared (Figure 4.9C)
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Figure 4.7. Titration of Interleukin-2 supplementation. The concentration of IL-2
influenced the CD4:CD8 subset ratio. PBMCs transduced with PG13-SFFV-eGFP/LNGFR
with two rounds of virus exposure, 24 hours apart, on RN pre-loaded plates. Above 30iu/ml
there was little improvement in transduction efficiency (dotted line, left axis), but greater
alteration in the CD4:CD8 ratio (solid bars, right axis).
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Figure 4.8. Expansion of T cells in culture. The number of cells in culture were counted
at the end of pre-activation with anti-CD3 and CD28 antibodies (48-72hours) and at after
the completion of the transduction procedure (7 days). Data for five volunteer donors is
shown
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Figure 4.9. Detection of HSVTK in primary T cells
(A)Enrichment of transduced primary blood lymphocytes.
The example shown is for cells transduced with pSFFV-HSVTKSR39-IRES-LNGFR,
enriched with one round of selection using magnetic beads against LNGFR
(B) Detection of the HSV-TK or HSVTK39 transgene in retrovirally transduced PBLs.
Lane 1; genomic DNA from T cells transduced with HSVTKwt, Lane 2: genomic DNA from T
cells transduced with HSVTKSR39. Lane 3: genomic DNA from I cells transduced with
eGFP/LNGFR. Lane 4: Water control. Lane 5: Positive control plasmid pSFFV-TKwt-IRESLNGFR
(C) Western blot detection of HSV-TK in primary T cells
Lane 1: T cells transduced with HSVTKwt, Lane 2: Empty Lane, Lane 3: T cells transduced
with eGFP/LNGFR, Lane 4; T cells transduced with HSVTKSR39. The upper blot
demonstrates that HSVTK protein expression in the appropriate lanes when probed with
polyclonal rabbit anti-HSVTK polyclonal serum. The membrane was stripped and re-probed
with a mouse anti-p actin antibody to confirm equivalence of protein loading
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4.3. DISCUSSION
Conditions to achieve optimal gene transfer into I

cells were

evaluated using Jurkat I cells and M0LT4 I cells. These cells proliferate
rapidly without additional stimulus and hence were convenient targets. The
efficacy of facilitation agents polybrene, protamine sulphate and retronectin
were evaluated. Highly efficient gene transfer (>95%) using protamine
sulphate, centrifugation and three round of exposure to GALV pseudotyped
vector has recently been reported in studies using MOIs of between 25-50
(Movassagh et al, 2000). Similar results were not reproduced in this study,
and this was probably because of the much lower MOI. It is not possible to
accurately determine the MOI for protocols involving the pre-loading of
retronectin, but for T cell lines a virus:cell ratio of approximately 10:1 was
used and for primary T cells the ratio was approximately 1:1. It is thought that
a lower MOI is preferable, being less likely to be associated with multiple
integration events and hence should be less likely to cause transformational
changes (Powell et al, 1999). The use of retronectin produced the highest
efficiency of transduction, in particular if plates were pre-loaded with virus.
Similar findings have also been reported in recent literature (Fehse et al,
1998; Ayuk et al, 1999; Dardalhon et al, 1999; 2000; Stockschlader et al,
1999; Pollok et al, 1999). Centrifugation of target cells and virus (also
referred to as spinoculation) did improve transduction rates but pre-loading of
retronectin by an additional centrifugation step was the most productive
enhancement. This is probably due to the increased number of virus particles
available in close proximity to target cells after the pre-loading step. It has
recently been reported that scaled-up retronectin based procedures have
been approved by regulatory bodies for the transduction of T cells for clinical
use (Kuhlcke et al, 2002).

Vectors constructed to express transgenes using the 5’ LTR from
MSGV achieved lower levels of leukaemic T cell transduction compared to
those encoding the SFFV 5’LTR. The titre of viruses used was comparable,
and two rounds of virus exposure were used in each case. Most studies
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using similar vectors are concerned with the transduction of HSC and there
are no reports of direct comparisons of the ability of the two LTRs to support
transgene expression in mature I cells. Constructs based on the SFFV
hybrid vectors were shown in Chapter 3 to support sustained expression of
ALNGFR in long-term Jurkat I cell cultures. The next generation of SFFV
based vectors became available during the period of this study and were
reported to have increased efficiency of transgene expression in K562 and
CEM target cell lines (Hildinger et al, 1999). When packaged using PG13
cells, transduction efficiencies for PBMC targets were similar to those
achieved with the existing constructs (described in Chapter 5).

Primary T cells were pre-stimulated to ensure active division at the
time of retrovirus exposure. Rudoll at si. (1996) reported that levels of
transduction achieved using PHA and anti-CD3/CD28 were comparable (and
greater than with anti-CD3 alone). Data presented in this Chapter suggests
that anti-CD3/CD28 activation achieves better levels of gene transfer, and is
associated with less CD4:CD8 ratio alteration. Concentrations of IL-2 as low
as 30iu/ml were sufficient to ensure efficient transduction and higher
concentrations were associated with greater CD4:CD8 ratio alterations.
Although, concentrations of IL-2 upto 1000 iu/ml have been used to achieve
T cell transduction there does not appear to be any advantage in using levels
above 30iu/ml. The protocol used in all subsequent experiments requiring the
transfer of genes into primary T cells is shown in Figure 4.10. The impact of
the activation process on T cell phenotype and function is considered in
detail in Chapter 7.

The ability to ensure that almost all the target cells express the
HSVTK suicide gene is of critical importance in T cell suicide gene therapy
.The selection of transduced cells using magnetic bead systems was rapid
and effective. A single round of selection enriched both leukaemic and
primary cells to greater than 95% purity. The procedures described in this
chapter should be readily adaptable for clinical scale preparation of T cells
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using the commercially available Clinimacs apparatus (Miltenyi Biotech),
widely used in clinical laboratories to select CD34'" HSC for transplantation.
Furthermore, the protocol has been designed to avoid non-human sera and
uses the alternative medium X-Vivo 10, substituted with autologous or pooled
human AB serum, for both T cell culture and the collection of virus from
producer cell lines. T cell stimulator beads incorporating anti-CD3 and antiCD28 antibodies and suitable for clinical use are already in commercial
production (Xcyte therapeutics, USA) and clinical grade recombinant IL-2 is
widely available. Thus the requirements for regulatory approval should be
readily met if the procedures are adapted for therapeutic use.
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Figure 4.10. Protocol for the transduction of peripheral blood
lymphocytes.
The following procedure was judged to achieve optimal levels of gene transfer
into primary T cells. Peripheral blood mononuclear cells (PBMCs) were
suspended in X-Vivo 10 with 10% autologous serum and 30iu/ml of IL-2 at
0.5x10®/ml. PBMCs were activated in stimulator plates coated with immobilised
anti-CD3 antibody (0KT3i) & anti-CD28 antibody. After a period of 48-72 hours
the cells were transferred to fibronectin (retronectin) coated plates that had
been pre-loaded with viral supernatant. Two rounds of 24 hour virus exposure
were carried out and the cells were cultured for a further 48-72 hours before
analysis by flow cytometry and/or enrichment by magnetic bead selection.
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5.1 INTRODUCTION
5.1.1 MUTANT HSVTK WITH ENHANCED FUNCTION
HSVTK has a high affinity for thymidine (Km~0.5|am), but affinities for
the prodrugs GOV (Km~45|iM) and ACV (Km>400pm) are much higher. Black
et al. (1996) used random sequence mutagenesis of active sites to create
variants of wild type HSVTK that exhibit a greatly enhanced ability to
phosphorylate

nucleoside

analogues.

From

over

one

million

E.coli

transformants initially screened (from a library of 64 million variants), a
handful of mutant hosts have emerged as potential candidates for use in
prodrug/enzyme suicide systems. The ability of one mutant, HSVTK30 to
enhance in vitro and in vivo elimination of transduced tumour cells has been
previously highlighted, and molecular modelling undertaken to identify the
effects of the amino acid substitutions on the interactions with various
prodrugs (Figure 5.1, Kokoris et ai, 1999). Detailed studies confirmed that the
improved function was intrinsic to the mutant, rather than due to increased
gene expression or protein levels in retrovirally transduced cells (Qiao et ai,
2000). In particular, an Alanine to Tyrosine substitution at position 168
(A168Y) was thought to be central to enhanced enzymatic activity. The group
has now designed a second generation library based around the existing
mutants, and identified a mutant called HSVTKSR39 as conferring the
greatest sensitivity to both GCV and ACV in transfected rat glioma cells. In
this particular tumour line, the concentrations of GCV and ACV required for
the elimination of 50% of transfected cells were 294x and 182x lower
respectively, when used in combination with HSVTKSR39 rather than
HSVTKwt (Black et ai, 2001). In an engraftment tumour model, cells
transfected with either HSVTKwt or HSVTKSR39, were used to seed
subcutaneous tumours in nude mice. ACV or GCV was administered by twice
daily intra-peritoneal injection for 5 days and the tumour size monitored. The
tumours bearing the HSVTKSR39 were restricted at lower doses of GCV
than those with HSVTKwt, and were also susceptible to treatment with ACV.
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Figure 5.1. Structure & sequence of mutant HSVTK enzymes
(A) Molecular modeling of the HSVTK30 (dimer) showing the active sites (Kokoris et al.
1999)

(B) Residues 157-174 of the amino acid sequence of HSVTKwt (wild type),
the first generation mutant HSVTK30 and the second generation mutant
HSVTKSR39. Two highly conserved motifs are highlighted in yellow and are found in
all Herpesvirus thymidine kinases. The mutated sites are shown in green for
HSVTK30 and blue for HSVTKSR39 (Black at ai. 2001).
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To date, the mutant HSVTKSR39 appears to be the most effective
variant of the enzyme when used in combination with GCV, and in contrast to
wild type HSVTK, can also activate the drug ACV.
There have not been any reports of mutant HSVTK suicide gene
function

in lymphocytes and this chapter is mainly concerned with

comparisons between HSVTKwt and HSVTKSR39 in M0LT4 T cell lines and
primary T cells. The efficacy of HSVTKSR39 was also demonstrated in
experiments performed using HeLa cells as a convenient adherent target cell
populations, and comparisons were also made against a HSVTKSR39 fusion
construct described below.

5.1.2. TRUNCATED CD34-TKSR39 AS BIFUNCTIONAL SELECTION AND
SUICIDE SYSTEM
Following concerns regarding the availability of clinical grade reagents
for the ALNGFR selection, and a report of transformational changes in mice
undergoing HSC transduction with a retroviral vector encoding ALNGFR (Li
et al, 2002) there has recently been a considerable drive to develop
alternative selection markers (see Discussion). One promising candidate
molecule, tCD34, is an alternative splice variant of CD34 (a cell surface
glycophosphoprotein expressed on HSC and small vessel endothelia) which
has a truncated cytoplasmic tail of just 16 amino acids and lacks protein
kinase C signaling domains (Krause et al, 1996). Fehse et al. (2000a) have
investigated the feasibility of using tCD34 to mark retrovirally transduced T
cells. They found that cells engineered to express tCD34 could be readily
enriched using magnetic beads conjugated to an anti-CD34 antibody. The
system has a major advantage in terms of both commercial and regulatory
considerations. Approved reagents and equipment suitable for the separation
of cells based on CD34 expression are regularly used in the clinical setting
for the selection of CD34^ HSC.
Others have reported that they have generated a CD34/HSVTK fusion
protein and used retroviral vectors to transduce T cells. The cells became
susceptible to elimination when exposed to GCV, indicating that the
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chimaeric molecule had retained suicide gene function (Rettig et al, 2001)
Junker et al. (2002) have generated a fusion protein between tCD34 and
HSVTKSR39 and cloned this chimaeric gene into the next generation of
SFFV based vectors (pS F II). This construct was provided by M.Grez
(Frankfurt, Germany) and compared with pSFFV-HSVTKSR39-IRES-LNGFR
for the transduction, selection and suicide of target cells.

5.2 RESULTS
5.2.1. TESTING MUTANT HSVTK FUNCTION
The function of HSVTKwt and HSVTKSR39 was first tested in T cell
and non-T cell lines. Transduced cells were selected and enriched on the
basis of ALNGFR expression to a high degree of purity (>95%) using
magnetic bead selection, and were exposed to a gradient of prodrug
concentrations. Western blot analysis had earlier confirmed the relative
expression of HSVTKwt and HSVTKSR39 was similar in the two suicide
gene carrying groups (HeLa cells Figure 3.8; M0LT4 T cells Figure 4.3).
Control groups were either non-transduced cells or cells transduced to carry
eGFP in place of HSVTK. Neither exhibited sensitivity to GCV or ACV,
except

at

the

highest

(toxic)

concentration

ranges.

The

prodrug

concentrations at which the percentage of cells surviving was 50% of those
not exposed to prodrug (IC50) are summarised in Table 5.1. For both HeLa
cells (Figure 5.2) and leukaemic T cells (Figure 5.3) the mutant HSVTKSR39
rendered cells sensitive to GCV at concentrations below IpM. HSVTKwt was
only active at higher concentrations. Cells transduced with HSVTKSR39 also
became sensitive to ACV and were eliminated at concentrations well below
the usual therapeutic range of the drug. In contrast, HSVTKwt was not
effective as a suicide gene in combination with ACV.
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Table 5.1. Summary of IC50 for HSVTKwt and HSVTKSR39.
HSVTKSR39 rendered cells susceptible to elimination at concentrations of
Ganciclovir an order of magnitude lower than HSVTKwt. In addition, cells
carrying HSVTKSR39 were susceptible to the alternative agent, Aciclovir.
HSVTKwt was not effective in combination with Aciclovir using
concentrations upto 100pM.

Ganciclovir pIVI

Aciclovir )xM

HSVTKwt

HSVTKSR39

HSVTKSR39

HeLa

1.0

0 . 1- 0.3

0 . 1- 0.3

Jurkat

3.0

0.1

Not Determined

M0LT4

3-10

0.1

3.0

0.1

1-3

Primary T cell
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Figure 5.2.Compahson of HSVTKSR39 and HSVTKwt in HeLa cells.
Cells were enriched to >95% purity for ALNGFR expression and exposed to a
gradient of (A) GCV or (B) ACV concentrations. HeLa cells transduced with eGFP
were used as controls. Survival was assessed using the MTT assay after seven days
and is expressed as a percentage of the value obtained for cells that were not
exposed to prodrug. Means of triplicates +/- 1 standard of error of mean.
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Figure 5.3.Comparlson of HSVTKSR39 and HSVTKwt in M0LT4 T cells.
Cells were enriched to >95% purity for ALNGFR expression and exposed to a gradient
of (A) GCV or (B) ACV concentrations. Non transduced M0LT4 T cells were used as
controls. Survival was assessed using the MTT assay after seven days and is
expressed as a percentage of the value obtained for cells that were not exposed to
prodrug. Means of triplicates +/-1 standard error of mean
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5.2.2 SPLICE VARIANTS OF HSVTK WERE NOT DETECTED
The possibility that some transduced cells may have carried a
truncated non-functional splice variant of HSVTK (Garin et al, 2001) was
explored. PCR analysis was carried out on genomic DNA extracted from
transduced M0LT4 T cells using primers immediately outside the open
reading frames of the HSVTK gene (Figure 5.4A). In all cells tested, only a
single band of appropriate size was detected. The presence of a splice
variant would have declared as an additional band, 227bp smaller than the
full length HSVTK. Flow cytometric analysis was performed on M0LT4 T
cells cultured in GCV (lOpM) for over 14 days. Staining with 7-AAD (a
membrane impearmeant DNA-intercalator that stains dead and apoptotic
cells following loss of membrane integrity) revealed that there were no viable
cells in the HSVTKwt or HSVTKSR39 groups (Figure 5.4B).
Using the MTT assay, residual survival was of the order of 10-20% in
most experiments testing suicide gene function. This could have been due to
the survival of small numbers of non-transduced cells or the presence of
transduced cells that were resistant to prodrug. It is also possible that the
residual activity detected in the above experiments was an artifact of the MTT
assay (Kokoris at ai, 1999). Using trypan blue staining, it was not possible to
see viable HSVTK transduced M0LT4 T cells in the cultures exposed to the
highest prodrug concentrations, and 7AAD staining confirmed that all cells
were non-viable.
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Figure 5.4. Non-detection of a truncated HSVTK species
(A) PCR detection of the HSVTKwt or H8VTK8R39 gene in genomic DNA extracted
from transduced M0LT4 T cells enriched to greater than 95% LNGFR purity. Lane 1:
M0LT4 non transduced, Lane2: MOLT4-8FFV-TK8R39-IRE8-LNGFR, Lane 3:
MOLT4-8FFV-TKwt-IRE8-LNGFR, Lane 4: Water, Lane 5: Plasmid SFFV-TKwt-IRESLNGFR. A single band is seen in the appropiate lanes at approximately 1100 bp. A
truncated alternative splice variant would be expected at approximately 875 bp and is
not detected.
(B) Extended culture in lOpM GCV led to the death of all HSVTKwt and HSVTKSR39
transduced M0LT4 T cells, but not non transduced cells. Dead cells are stained with
7AAD after 14 days of culture. No GCV-resistant populations were isolated.

bp
1650
1000
850

B

M0LT4
)1
143%

HSVTKwt
ïil

32
0.1%

10.4%

HSVTKSR39

B2

89.4%

= il
15.4%

&4
0 .0%

&3

B2
84.5%

Q

I
2L)30 2

34
0.2%

lioo

=

hoi

. %

IlO
O

B4
0 .0%

0 . 1%

liol

Il03

I

I

Q
oo

LNGFR

I I II in

hoi

1I

I M in i

TTTr

CHAPTER 5____________________________ FUNCTION OF MUTANT HSVTK

5.2.3. TRUNACTED CD34/HSVTKSR39 FUSION PROTEIN
The retroviral plasmid encoding the chimaeric suicide and marker
protein

tCD34/HSVTKSR39 was transfected

into

phoenix

and

PG13

packaging cells. The virus was used to transduce a range of cell lines. HeLa
cells and primary T cells were used as target populations to compare the
function of the fusion construct and the bicistronic pSFFV-HSVTKSR39IRES-ALNGFR construct. Unfortunately, native expression of CD34 in
M0LT4 T cells precluded their use for these experiments. Magnetic beads
conjugated to anti-CD34 were used to enrich transduced cells. The fusion
protein was successfully detected by western blot analysis using both an
anti-CD34 antibody and polyclonal anti-HSVTK serum (Figure 5.5). Exposure
to a gradient of GCV and ACV concentrations, followed by analysis using the
MTT assay was used to determine survival. No difference between the
chimaeric suicide gene and HSVTKSR39 function was detected in HeLa cells
(Figure 5.6) or in primary T cells (see below & Figure 5.8).
The ability of the fusion protein tCD34/HSVTKSR39 to function as well
as independently expressed HSVTKSR39 was intriguing. The detection of
cells transduced with the tCD34/HSVTKSR39 using flow cytometry and antiCD34 antibodies indicates that the molecule is expressed at the cell surface.
To further investigate the intracellular distribution of the fusion and non-fusion
HSVTKSR39 species, retrovirally transduced HeLa cells were examined
using confocal microscopy. Cells transduced with pSFFV-HSVTKSR39IRES-LNGFR showed a peripheral cell surface staining distribution when
probed with anti-LNGFR antibody, with clear nuclear exclusion (Figure 5.6A).
Probing for HSVTK revealed a predominately nuclear staining pattern. HeLa
cells transduced with pSF11-tCD34/HSVTKSR39 and stained for both CD34
and HSVTK, and examined on independent laser channels, exhibited both
peripheral and nuclear co-localisation, indicating that the fusion protein was
both at the cell surface and within the nucleus (Figure 5.6B).
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Figure 5.5. Detection of tCD34/HSVTKSR39 in HeLa cells using Western blot
analsysis.
Lane 1;Non transduced HeLa cells; Lane 2:transduced with HSVTKwt-IRES-LNGFR;
Lane 3:transduced with HSVTKSR39-IRES-LNGFR; Lane 4: transduced with
tCD34/HSVTKSR39.
(A)The membrane were simultaneously probed with primary mouse monoclonal
antibodies against CD34 and p-actin. The presence of p-actin is shown in all lanes, and
CD34 highlights a single band of around 140kDa consistent with the presence of the
tCD34/HSVTKSR39 protein.
(B) The membrane was stripped and probed for HSVTK. The expected bands are seen
in lanes 2 and 3. In lane 4 the band represents the fusion construct HSVTKSR39/tCD34
and is the same size as the band seen in the upper figure.
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Figure 5.6. Function of tCD34/HSVTKSR39 fusion suicide gene in HeLa cells.
Comparison of HSVTKSR39 and the fusion protein of trunacted CD34 and
HSVTKSR39. Cells were enriched to >95% purity for ALNGFR expression or CD34
and exposed to a gradient of (A) GCV or (B)ACV concentrations. Non transduced
Mela cells used as controls. Survival was assessed using the MTT assay after
seven days and is expressed as a percentage of the value obtained for cells that
were not exposed to prodrug. Means of triplicates +/- 1 standard error of mean
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Figure 5.7. Confocal microscopy of transduced HeLa cells.
(A) Transduced with pSFFV-HSVTKSR39-IRES-LNGFR and probed with anti-LNGFR
antibody/CyS secondary staining. The peripheral distribution, with nuclear sparing, of antiLNGFR staining is consistent with cell surface expression of the ALNGFR molecule.(B) A
cell from the same population stained with anti-HSVTK antibody staining shows a (double)
nuclear staining pattern.0) HeLa cells transduced with pSF11-HSVTKSR39/tCD34 and
probed simultaneously with anti-CD34 (Cy5 secondary) and anti-HSVTK (FITC
secondary). There is both peripheral and nuclear staining, indicating that the fusion
molecule is present both at the cell surface and within the nucleus.
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5.2.4. SUICIDE GENE FUNCTION IN PRIMARY I CELLS
Primary T cells were transduced and selected as shown in Chapter 4.
Cells were then exposed to range of GCV or ACV concentrations for a period
of 4 days immediately after transduction and were analysed using the M IT
assay. Control groups were either transduced with PG-SFFV-eGFP-IRESLNGFR or from the fraction of cells that were not expressing ALNGFR after
transduction (ALNGFR ). Neither group exhibited sensitivity to GCV or ACV.
HSVTKSR39 was more effective than HSVTKwt at all concentrations and
was active at below IpM GCV (Figure 5.7). When the chimaeric fusion
construct

containing

HSVTKSR39

was

compared

against

non-fusion

HSVTKSR39, primary cells exhibited a remarkably similar susceptibility to
both GCV and ACV.
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Figure 5.8. Suicide gene function in Primary T cells.
(A) Primary T cells transduced with HSVTKwt or HSVTKSR39 and enriched to >90%
purity on the basis of ALNGFR expression were exposed to a gradient of GCV
concentrations in triplicate. The control group were from the cells not expressing
ALNGFR after the transduction procedure
(B) Comparison with tCD34/HSVTKSR39 using T cells enriched on the basis of CD34
expression. Cells were cultured for 4 days after selection and survival measured using
the MTT assay. Data is expressed as a percentage of the values for cells not exposed to
GCV. Means of triplicate +/- 1standard error.
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5.3. DISCUSSION
5.3.1. ENHANCED FUNCTION OF HSVTKSR39
The mutant HSVTKSR39 achieved a 50% reduction in cellular survival
at concentrations of GCV an order of magnitude lower than for HSVTKwt
(Table 5.1). This phenomenon has previously been demonstrated in certain
tumour cells (Black et al, 2001), but this is the first time it has been shown in
T cell lines and primary T cells. Western blot analysis confirmed that the
amount of HSVTK enzyme present in populations of cells, highly enriched on
the basis of ALNGFR expression, was similar. To allow comparisons in the
MTT assay, the data is expressed as a percentage of survival of non-treated
cells within each group. Control groups, drawn from either mock-transduced
cells or from cells transduced with pSFFV-eGFP-IRES-LNGFR, were only
affected by GCV at the highest doses. Experiments in HeLa cells and
leukaemic T cell lines involved a seven-day exposure to prodrug. Primary T
cells were cultured immediately after magnetic bead selection for a period of
4 days in medium containing prodrug. The culture of T cells for longer
periods resulted in greater levels of cell death in all groups, including controls
not exposed to prodrug.
The ability of HSVTKSR39 to cause cell death in combination with the
less toxic prodrug ACV has been previously reported for rat glioma cells.
Experiments here confirm similar findings for primary T cells, offering a
number of advantages for clinical T cell suicide therapy. The use of GCV is
often associated with myelosuppressive side effects, which are of particular
concern in the early post-transplant period. The use of ACV would therefore
be advantageous, but the issue is complicated by the routine use of ACV for
prophylaxis against herpes virus infections. Protocol design would have to
incorporate withdrawal of ACV prophylaxis when patients receive infusions of
T cells genetically modified to carry HSVTKSR39 (See Chapter 8).
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5.3.2. RESISTANCE PHENOMENA IN HSVTK TRANSDUCED CELLS
The failure of GCV administration to clear retrovirally transduced I
cells in one patient in the initial clinical pilot study led to investigations into the
underlying mechanisms of possible resistance phenomena (Verzeletti et al,
1998). Garin et al. (2001) reported that cryptic splice donor and acceptor
sites within the HSVTK open reading frame were responsible for the
generation of a truncated, non-functional, splice variant form of the HSVTK in
GCV resistant cells. The 227bp deletion was detected in cell lines (9-15%)
and primary cells (upto 10%) transduced with the SFCMM3 vector (coding
HSVTK and ALNGFR, and packaged using the GP+envAM12 amphotropic
line) or the GITkScNa vector (encoding HSVTK and the neomycin resistance
selection gene and packaged using the PA317 line). It is postulated that
alternative splicing events within the packaging cell line led to the production
of retroviral particles encoding the truncated HSVTK form. Thus the
phenomenon is likely to be dependent on plasmid sequence and choice of
packaging cell line.
Experiments that used the MTT assay to assess cellular survival after
exposure to prodrug consistently detected residual survival of between 1020%. This is most likely an artifact of the assay that arises because of cellular
debris in the culture (Kokoris et al, 1999). No viable cells were seen in
cultures exposed to the highest concentrations of GCV despite such residual
readings. PGR analysis detected only full-length HSVTK using primers just
outside the open reading frame of the transgene. Garin et al. detected
truncated HSVTK by single cell cloning of GCV resistant populations of cells.
In these experiments it has not been possible to culture any resistant
populations. Culture of M0LT4 T cells in GCV for a period of 14 days led to
the death of all cells transduced with either HSVTKwt or HSVTKSR39, but
did not affect survival of non-transduced cells. Staining with 7AAD confirmed
that there were no viable cells expressing ALNGFR.
Elimination of the cryptic splice sites has been undertaken by site
directed mutagenesis at both the splice donor and acceptor sites. However,
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the sensitivity of the cells transduced with the mutated splice site variant
HSVTK was only marginally improved when compared to the original vector
(Chalmers et al, 2001). Alternative explanations for observed resistance
phenomena have been proposed and are considered further in Chapter 8.

5.3.3. tCD34/HSVTKSR39 FUSION CONSTRUCT
ALNGFR was the selection marker of choice at the onset of this study,
but there are potential difficulties in securing a reliable supply clinical grade
anti-LNGFR reagents. This follows a recent report of lymphoproliferative
disease in mice that had undergone secondary transplantation with bone
marrow pooled from primary recipients of HSC labeled by retroviral
transduction with ALNGFR (Li et al, 2002). Investigations revealed that an
identical leukaemic clone was present in all the affected mice, and no
leukaemic changes were seen in other mice receiving transplantations of
cells transduced with eGFP. A single vector copy was found to have
integrated into first exon of the murine Evil gene. This gene has previously
been identified as the site of ecotropic viral integration in 5/37mice that had
developed retrovirus induced myeloid leukaemias in mice (Morishita et al,
1988). Although this report outlined data from a single experiment relating to
haematopoietic progenitor cells, mature T cells could also be vulnerable to
transformational changes induced by retroviral integration. Over expression
of Evil alone is considered unlikely to cause leukaemic changes in mice, but
it has been suggested that expression of ALNGFR, in combination with an
insertional event leading to transcriptional activation of Evil, could cause
transformational changes. LNGFR is thought to mediate both pro and antiapoptotic effects through interactions with tyrosine kinase receptors (TrKA
and TrKB) and these receptors have been associated with acute myeloid
leukaemia in man (Reuther et al, 2000).

tCD34 has emerged as a promising cell surface marker and has been
evaluated in murine and human cells (Fehse et al, 2000a). The generation of
a tCD34/TKSR39 fusion protein (Junker et al, 2002) has led to the possibility
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of using widely available clinical grade reagents to select T cells for suicide
gene therapy protocols.

The

plasmid

pSF11-tCD34/HSVTKSR39 was

packaged using the PG13 line and compared directly against pSFFVHSVTKSR39-IRES-LNGFR in HeLa cells and in primary I

cells. Flow

cytometric analysis revealed that transduction efficiencies for both constructs
were comparable, and populations could be enriched to >90% purity using
magnetic beads. CD34 selection was more convenient as directly conjugated
bead:anti-CD34

antibodies

are

readily

available.

Expression

of the

tCD34/HSVTKSR39 fusion protein was confirmed on western blot analysis
using antibodies against both the CD34 moiety and the HSVTK component.
A single band representing the fusion protein was detected at approximately
140kDa.
There remain a number of unanswered questions relating to the use of
tCD34 as a marker of T cells in the clinical setting. Most importantly, the
functions of tCD34 (or full length CD34) are not fully elucidated and potential
interactions with unknown ligands remain a concern. It is postulated that
GD34 expressed on endothelial cells plays a role in leucocyte adhesion and
homing during inflammation (Krause et al, 1996). Data from CD34 knock-out
mice suggests that expression on haematopoietic cells plays an important
role in the formation of progenitor cells during both embryonic and adult
haematopoiesis (Cheng at ai. 1996). Aberrant expression on T cells may
influence differentiation, homing or effector functions.

Murine T cells

expressing human CD34 have been shown to adhere to human but not
murine marrow stroma (Krause at ai,

1996) and such observations

undermine attempts to interpret data from animal models studying the effects
on retroviral mediated expression of human tCD34 on mouse HSC (Fehse at
al, 2000a). It is likely that only pilot studies in human subjects will be able to
address issues relating to T cell marking with tCD34.
Comparisons

of the

HSVTKSR39

and the

tCD34/HSVTKSR39

function were made across a gradient of GCV and ACV concentrations.
Remarkably, the survival curves in both HeLa cells and T cells using GCV or
ACV were almost identical. The data indicates that HSVTKSR39, even as
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part of a fusion protein, fully retains its ability to activate prodrug. There has
been a consensus, largely drawn from crystal structure studies, suggesting
that HSVTK functions as a homodimer (Brown et al, 1995; Waldman et ai,
1983) and it is difficult to envisage how the tCD34/HSVTKSR39 protein
would

achieve

dimérisation.

the

appropriate

Recently,

it

has

folding
been

necessary

proposed

to

that

maintain
at

such

physiological

concentrations, an equilibrium between the HSVTK monomer and dimer
exists, and that at lower enzymatic concentrations the monomer is actually
more active (Wurth et ai, 2001). The authors argue that because the
crystallographic structure of HSVTK was determined (by necessity) at higher
concentrations than required for enzymatic activity, dimérisation may in fact
be an artifact of the studies. Other fusion proteins incorporating HSVTK have
also been shown to retain their ability to phosphorylate GCV. A chimaeric
eGFP/HSVTK

fusion

protein

functioned

as

effectively

as

constructs

employing an 1RES element to link eGFP and HSVTK expression (Paquin et
ai, 2001). The eGFP/HSVTK fusion protein was noted to localise to the
nucleus of transduced cells under fluorescent microscopy, in contrast to
native eGFP, which distributes across the cell. The examination of
transduced

HeLa cells using

intracellular staining

has revealed that

HSVTKSR39 localises to the nucleus. Furthermore, probing for both CD34
and HSVTKSR39 in cells transduced with the tCD34/TKSR39 fusion protein
showed that the protein was distributed at the cell membrane and within the
nucleus. This is consistent with reports in the literature relating to the Nterminal arginine-rich region of HSVTK, which appears to encode a nuclear
localization signal (NLS) (Degreve et ai, 1998). It has been shown that the
fusion of eGFP to HSVTK leads to a predominately nuclear distribution of
fluorescence, whereas eGFP alone has a cytoplasmic distribution. The
authors also report that nucleoside analogues such as GCV maintain their
cytostatic activity in HSVTK transfected tumor cells, irrespective of the
compartment in which the viral HSVTK gene is expressed. Presumably,
within the tCD34/HSVTKSR39 protein there is a conflict between the NLS,
directing nuclear targeting, and alternative signals encouraging CD34 cell
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surface expression. In any case, irrespective of intra-cellular distribution, the
data from MTT assays of cell survival in this chapter indicates that suicide
gene activity of the fusion protein is comparable to that of the non-fusion
HSVTKSR39.
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CHAPTER 6
GENETICALLY MODIFIED
HUMAN T CELLS IN
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6.1. INTRODUCTION
6.1.1. HUMAN T CELL ENGRAFTMENT IN MICE
Models

that

permit

the

engraftment

of

human

T

cells

in

immunodeficient mice provide an opportunity to test HSVTK function in vivo,
and allow assessment of the HSVTKSR39 mutant. Mice homozygous for the
common Interleukin y-chain (yc) and recombinase activating gene (RAG2)
null alleles (yc7RAG2‘) lack T cells, B cells and NK cells and are profoundly
immunodeficient. They have been shown to support human lymphocyte
engraftment at levels superior to alternative immunodeficient strains such as
NOD/LtSz-SCID mice and do not require pre-conditioning with radiotherapy
(Goldman et al, 1998b). A triple knockout variant (yc7RAG27C5') has also
been generated and has the additional defect of complement C5 deficiency
and impaired innate immunity. These strains were adopted as candidates for
a model of xeno-engraftment using human leukaemic T cells transduced with
HSVTK or HSVTKSR39.
The published data on human leukaemic cell engraftment in mice has
largely related to B cell lineages, although the engraftment of T cell acute
lymphoblastic leukaemic cells in SCID mice has been reported (Steele at al,
1997). The M0LT4 leukaemic T cell line was chosen for the xenoengraftment studies as approximately 10x10® cells injected into the peritoneal
cavity of immunodeficient mice have been shown to readily engraft (Fusetti at
al, 2000). Initial experiments were designed to confirm that the yc7RAG27C5‘
strain was also capable of supporting M0LT4 T cell engraftment and to
characterise the time course of morbidity or mortality in inoculated mice. It
was hoped that analysis of the spleen (usually of limited size in this strain
and lacking T and B cells) could be used to detect and quantify M0LT4 T cell
engraftment. Flow cytometric analyses for the human cell marker CD45 and
CD34 (expressed on all MOLT 4 T cells) and ALNGFR (expressed only on
the transduced M0LT4 T cells) were performed on fresh splenic preparations
and at various time points after culture ax-vlvo.
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Two strategies for the administration of prodrug were tested. Firstly, a
‘rescue’ approach was used whereby mice received GCV injections (into the
peritoneum) on alternate

days for one week once they developed

symptomatic manifestations of M0LT4 I

cell engraftment.

Secondly, a

‘preventative’ strategy was evaluated, involving the administration of the drug
Valaciclovir (VCV) between days 7-14 following the initial injection of M0LT4
T cells. Valaciclovir is metabolised to ACV when orally absorbed and has
been shown to be effective in mice against HSV infection (Thackray & Field,
1998). It can readily administered by addition to drinking water bottles
(H.Field,

University of Cambridge, Personal

Communication) and is

therefore more convenient and less traumatic than drugs requiring intraperitoneal injection. The early, pre-emptive, use of prodrug has been
advocated in models of T cell suicide gene therapy based on the
transplantation of allogeneic HSVTK transgenic T cells in mice (Cohen et al,
1997). In vitro, the mutant HSVTKSR39 (but not HSVTKwt) rendered M0LT4
T cells sensitive to ACV and is was postulated that early administration of
VCV would abort engraftment of these cells. In contrast, T cells carrying
HSVTKwt should

be unaffected and

be able to maintain sustained

engraftment.

6.2. RESULTS
M0LT4 T cells were transduced and enriched to greater than 95%
purity using magnetic bead sorting as described in Chapter 4. Cells were
grown in complete RPMI at optimal density and were washed and
resuspended in 0.5ml RPMI before inoculation. 15x10® M0LT4 T cells
(transduced or non-transduced) were injected intra-peritoneally into either
RAGVyc' or RAG7yc7C5' mice and caused significant morbidity or mortality
within 6 weeks.

135

CHAPTER 6_______________________ MODEL FOR IN VIVO SUICIDE FUNCTION

6.2.1. ENGRAFTMENT OF TRANSDUCED AND NON-TRANSDUCED
M0LT4 T CELLS FOLLOWED BY GCV THERAPY
An initial experiment was designed to test prodrug-mediated rescue of
engrafted mice. Mice were inoculated into their peritoneal cavities with nontransduced M0LT4 I
HSVTKwt-IRES-LNGFR

cells (n=3), or cells transduced with PG-SFFV(n=6)

or

PG-SFFV-HSVTKSR39-IRES-LNGFR

(n=6). All mice began to show signs of morbidity at the beginning of week 6
after the inoculations. One mouse from each group was considered to be in
poor condition and required immediate culling. The remainder received once
daily intra-peritoneal injections of 1mg GCV (~50mg/kg/day) for five days, but
had to be culled shortly thereafter because of continuing and rapid
deterioration in their condition (Figure 6.1). Macrcoscopic examination of the
peritoneal cavity at necroscopy revealed the presence of peritoneal
thickening, enlarged abdominal lymph nodes and/or localised tumour
collections. Spleens were enlarged in all mice and were removed for
histological examination and analysis by flow cytometry. An experienced
histopathologist reviewed slides of spleen preparations stained with H&E and
confirmed that engraftment had occurred in all mice. There was evidence of
tumour cell engraftment in the spleens of all the mice analysed (Table 6.1
and Figure 6.2) and this was supported by flow cytometric data (Figure 6.3)
indicating the presence of non-transduced (based on the expression of CD34
and CD45) or transduced human M0LT4 cells (the additional expression of
ALNGFR).
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Figure 6.1. Engraftment of M0LT4 T cells & attempted GCV rescue
Rag /yc /CS" mice were inoculated by intraperitonea! injection with 15x10® M0LT4 T cells
transduced to carry either HSVTKwt or HSVTKSR39. Cells were selected to greater than
95% purity on the basis of ALNGFR expression. From day 42 onwards, mice in all groups
became sick and despite a 5 day course of intra-peritoneal GCV continued to deteriorate
and were culled.
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Figure 6.2.Hlstology of engraftment of M0LT4 leukaemic T cell in the spleens of
immunodeficient mice (RagVyc /C5 )
H&E staining of paraffin sections. This immunodeficient strain lacks endogenous T and B
cells and hence lacks the germinal centres and follicular areas associated with normal
splenic architecture as shown in (A).
(B) Mice inoculated with non transduced M0LT4 I cells engraftment (x40).
(C) inoculated with M0LT4 T cells with HSVTKSR39 (x20). Leukaemic cells appear as
irregular, larger, paler cells
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Figure 6.3. Flow cytometric analysis of spleen cell suspensions
Transduced M0LT4 T cells were detected by the expression of both ALNGFR and CD34.
(A) Spleen cells from a control mouse not inoculated with M0LT4 T cells.
(B) Isotype control from a mouse engrafted with transduced M0LT4 T cells transduced
with HSVTKSR39/LNGFR.
(C) Typical double staining pattern for ALNGFR and CD34 in the spleen of the same
mouse when stained for transduced M0LT4 T cells
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Table 6.1. Analysis of M0LT4 T cell engraftment in spleens of mice after
attempted GCV rescue
All mice inoculated with transduced or non-transduced (NT) M0LT4 T cells
showed histological signs of engraftment. M0LT4 cells were detectable on
the basis of CD34 expression, and ALNGFR expression if transduced, using
flow cytometric analysis of spleen suspensions.

% Mice with
Histological
engraftment

100

100

100

Expression of
CD34
Mean%(range)

21 (8-35)

16 (5-22)

21 (7-40)

Expression of
ALNGFR
Mean% (range)

2 (0-3)

17(9-25)

21(9-41)

6.2.2. COMPARISON OF HSVTKWT AND HSVTKSR39 IN COMBINATION
WITH VALACICLOVIR IN VIVO
The inability to rescue mice with GCV therapy once symptomatic
engraftment had occurred led to the redesign of experiments to test a
preventative approach whereby prodrug was administered to prevent
sustained engraftment rather than treat it.
Twenty mice were inoculated with 15x10® M0LT4 T cells transduced
with either HSVTKwt/LNGFR (n=10) or HSVTKSR39/LNGFR (n=10). After
seven days, six mice in each group were treated with VCV. It was estimated
that mice consumed between 5-7ml of water per day and the addition of
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1mg/ml of VCV to the water reservoir corresponded to an approximate dose
of 200-250mg/kg/day.

Reservoirs were filled

daily with

sterile water

containing VCV for a period of seven days. The remaining 8 mice were
pooled and used as a control group receiving unmodified water. At 45 days,
mice in all groups became symptomatic of M0LT4 I cell engraftment and the
experiment was terminated shortly afterwards. One mouse in the control
group was not available for analysis. The remainder were analysed for
evidence of splenic engraftment. Flow cytometry analysis of single spleen
cell suspensions confirmed the presence of ALNGFR bearing M0LT4 T cells.
The mean levels of engraftment (measured by evaluating the percentage of
M0LT4 T cells present in spleen suspensions) in the untreated group were
higher (16.3%: range 3.3-40.2%) compared to the HSVTKwt treated groups
(3.6%;range 0.5-12.5%) or HSVTKSR39 treated group (7.3%:range 1-22%).
The difference between VCV treated and untreated groups was significant
(p<0.05, Kruscall Wallis Non Parametric analysis of variance), but there was
no statistical difference between the HSVTKwt and HSVTKSR39 VCV
treated groups (Figure 6.4).
In a third experiment, using the above protocol, all the mice were
culled and analysed on day 40, before the onset of morbidity caused by
engraftment. There was no macroscopic evidence of splenic engraftment in
any mice and ALNGFR bearing cells were not detected using flow cytometric
analysis of single cell spleen suspensions. Cultures of spleen-derived cells
were analysed, after 7, 14 and 21 days of in vitro culture, for the presence of
ALNGFR bearing cells (comprising greater than 5% of the culture). Of the
mice that received unmodified water, 7/9 spleen cultures grew M0LT4 T cells
(CD34'" LNGFR"") within 7 days. The treated mice bearing HSVTKwt M0LT4
T cells showed more rapid outgrowth of leukaemic cells in the spleen cultures
(4/6 within 7 days) than the HSVTKSR39 group (2/5 by 28 days) and is
shown in Figure 6.5.
This would be consistent with a lower engraftment burden in the
HSVTKSR39 group treated with VCV in comparison with the HSVTKwt group
treated in the same manner or the untreated group of mice.
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Figure 6.4. M0LT4 T cell engraftment in combination with early Valaciclovir therapy.
Rag/yc mice were inoculated with 15x10® M0LT4 T cells transduced with either HSVTKwt
(n=10) or HSVTKSR39 (n=10). After 7 days, six mice from each group were treated with a
seven day course of Valaciclovir (VCV). The remaining 8 mice served as a control group
and received unmodified water. There was no difference in survival between the groups.
Flow cytometric analysis of spleen cell suspensions detected transduced cells expressing
ALNGFR/CD45. The mean level of engraftment was higher in the control group (p<0.05,
Kruscall Wallis) but there was no difference between the VCV treated groups. One mouse
in the control group was not available for analysis
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Figure 6.5. Cultures of spleens for outgrowth of M0LT4 T cells, and suicide gene
function in recovered cells.
(A) Outgrowth of M0LT4 T cells from spleen cultures was detected by the presence of
ALNGFR/CD45 double positive bearing cells. Within 7 days the majority of spleen cultures
from the control group and the HSVTKwt group treated with VCV were laden with M0LT4 T
cells. In contrast, MOLT T cell growth inthe HSVTKSR39 group treated with VCV showed
retarded kinetics and by 28 days only 2/5 cultures were positive. (B) Transduced M0LT4 T
cells recovered from spleen cultures retained their sensitivity to GCV and ACV. Cells were
exposed to 1pM or 10pM ACV or GCV and survival assessed using the MTT assay after
seven days. Means of triplicate wells are expressed as a percentage of cells not exposed
to prodrug.
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6.2.2 ANALYSIS OF TRANSDUCED M0LT4 T CELLS IN VITRO AFTER IN
VIVO ENGRAFTMENT
In all analysed mice, the ALNGFR marker was detected on over 95%
of M0LT4 I cells recovered from test animals inoculated with transduced
cells. Flow cytometric analysis confirmed the co-expression of ALNGFR and
the M0LT4 I cell markers CD34/CD45 on transduced cells, and the thus the
phenotype of recovered cells closely matched that of the original inoculum.
M0LT4 T cells cultured from mouse spleen cultures after the termination of
the in vivo experiments were expanded in vitro. Exposure to a gradient of
Ganciclovir concentrations confirmed that the HSVTKwt and HSVTKSR39
suicide gene function remained intact (Figure 6.5).

6.3. DISCUSSION
Mutant variants of HSVTK generated by Margaret Black’s group have
been tested in a rat/mouse xenograft tumour model. Rat C6 glioma cells
were transfected using electroporation with wild type HSVTK or mutant
HSVTKs (including HSV-TKSR39) and injected subcutaneously into nude
mice. After 5 days mice were treated with a five-day course of GCV (0.5 or
5mg/kg) or ACV (5 or 25mg/kg) or saline. Tumour size was monitored until
day 16 (Kokoris et al, 1999) or day 20 (Black at al, 2001). Tumours bearing
HSVTKwt were inhibited in combination with the higher dose GCV regimens.
In contrast, mutant HSVTK bearing tumours were inhibited at lower doses of
GCV (and ACV in the case of HSVTKSR39). Further evidence that the
mutant HSVTKSR39 is able to increase solid tumour sensitivity to analogues
of GCV has been provided in rodent studies using ^®F-labelled Penciclovir to
enhance positron emission tomography imaging (Gambhir at ai, 2000). The
studies of HSVTK function in vivo have been generally limited to the solid
tumour setting. There has been little data on the in vivo efficacy of suicide
gene systems in relation to haematological malignancies, probably a
reflection of the difficulties encountered in setting up appropriate models.
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There have been reports of primary T cell engraftment and suicide gene
mediated elimination in nude mice but the high number of cells required
(approximately 80x10® per mouse) preclude the use of such models for
controlled comparisons with mutant HSVTK (Di lanni et al, 2002). It was
anticipated that the engraftment of M0LT4 T cells in the mouse peritoneal
cavity and spleen would provide a suitable model to test the function of
HSVTK and HSVTKSR39 in T cell in vivo. Transduced and non-transduced
cells caused morbidity and death in inoculated mice with remarkably
consistent kinetics. Mice showed no signs of morbidity until six weeks after
inoculation, and then became rapidly unwell and died (or required culling)
within a few days. Attempts to reverse the process by GCV mediated
elimination of HSVTK or HSVTKSR39 bearing cells failed. Presumably, the
rapid deterioration of mice following the onset of symptoms reflected an
advanced and irreversible disease process.
The inability to reverse M0LT4 T cell engraftment once signs of
morbidity have appeared led to experiments to test a pre-emptive approach.
The orally administered agent VCV (a well absorbed analogue of ACV) was
used instead of intra-peritoneal GCV, and it was hypothesized that cells
carrying HSVTKSR39 and not those carrying HSVTKwt would be eliminated.
The VCV was administered in drinking water between days 7 and 13 at
doses known to be effective against herpes virus infection in mice (Thackray
& Field, 1998). Disappointingly, using survival as the outcome measure,
there was no difference in VCV treated or untreated groups for either
HSVTKwt or HSVTKSR39. All the mice developed signs of engraftment very
shortly after six weeks, and all required culling within a period of 3 days. The
mean levels of splenic engraftment were higher in the mice receiving water
alone, but the difference between the HSVTKwt and HSVTKSR39 groups
was not statistically significant, in vitro data comparing HSVTKwt and
HSVTKSR39 had indicated that only the latter would render cells sensitive to
VCV/ACV in vivo. The lower levels of splenic engraftment in the VCV treated
groups suggest that both species conferred a degree of sensitivity to ACV in
vivo, albeit insufficient to influence survival. It may be speculated that this
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failure to prevent progressive engraftment of HSVTKSR39 M0LT4 I cells
with a course of VCV shortly after inoculation is a reflection of the aggressive
nature of the M0LT4 parent cell line. In theory, levels of ACV (metabolized
from VCV) should have been sufficient to eliminate HSVTKSR39 cells
reaching the circulation or engrafting within the spleen. However, it is
possible that the levels of ACV achieved within the peritoneal cavity were
insufficient to eliminate cells engrafting locally, and this population may
subsequently have disseminated. Although, there is little information about
peritoneal levels of ACV, it is known that peritoneal dialysis does not reduce
the serum half-life of the drug (in contrast to haemodialysis), and levels in
peritoneal fluid may not be as high as in serum.
When the same experiment was electively terminated at 40 days after
inoculation, before the onset of morbidity or any clinical indication of
engraftment, analysis of splenic tissue by flow cytometry did not detect the
presence of M0LT4 I cells. However, culture of splenic tissue ex vivo
resulted in out-growth of M0LT4 I cells. The length of time before M0LT4 T
cells were detectable by cytometry was used to compare engraftment in the
VCV treated and untreated groups. Within seven days, spleens from 7/9 mice
receiving water alone had grown M0LT4 T cells in culture, along with 4/6
mice inoculated with HSVTKwt M0LT4 T cells treated with VCV. In contrast,
the HSVTKSR39 M0LT4 T cells were detected in only 2/5 spleens and only
after 4 weeks of culture. This was the group that was theoretically most
sensitive to VCV and the observations from this experiment suggest superior
in vivo activity of HSVTKSR39.
There was no evidence in any of the experiments that expression of
transgenes in the transduced M0LT4 T cells had reduced during their sixweek period of in vivo residence. The percentage of transduced M0LT4 T
cells expressing the native CD34 and CD45 without simultaneous expression
of the marker protein ALNGFR remained at below 5%- the proportion present
in the original inoculums. Had in vivo gene silencing occurred, this fraction
would be expected increase. Transduced cells retained their sensitivity to the
prodrug GCV and ACV when tested in vitro after growth in vivo, indicating
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intact suicide gene function. It is possible that transduced M0LT4 I cells had
altered growth kinetics in vivo compared to when cultured in vitro (in
optimised medium). This may have had an effect on susceptibility to prodrug
therapy, in particular if cell turnover slowed during the period of prodrug
exposure, the number of cells eliminated would have been reduced.
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7.1. INTRODUCTION
The lower than expected rates of GVHD observed in ongoing clinical
trials raises questions about the functional capacity of infused lymphocytes,
and in particular their ability to mediate GVL and protect against viral
infection. Although there is a large body of data now available on the function
of T cells encoding HSVTK in transgenic mice models (Cohen et al, 1999a;
1999b), there is relatively little data relating to retrovi rally transduced T cells.
The process of pre-activation, exposure to retrovirus and selection of
transduced T cells may cause major changes in their subsequent immune
function. There have been recent descriptions of the impact of ex-vivo
manipulation of T cells for gene transfer using anti-CD3 and IL-2 pre
activation, followed by G418 selection on their anti-EBV potential (Sauce et
ai, 2002). Impairment of anti-EBV reactivity was thought to be particularly
relevant in view of reports that 3/12 patients treated with GM-T cells in one
clinical study had developed EBV related LPD (Tiberghien et al, 2001). Using
tetramer staining for HLA-A2/EBV peptide specific T cells, loss of EBV
reactive clones after anti-CD3/IL-2 stimulation was shown. The addition of
costimulation via anti-GD28 prevented culture related loss of EBV reactive T
cells, probably by inducing anti-apoptotic effects and prevention of activation
induced cell death caused by anti-CD3/IL-2 stimulation. The EBV reactive
pool of T cells was better preserved if the period of ex-vlvo culture was
reduced with early immuno-magnetic selection for ALNGFR rather than
longer selection based on Neo^. Interestingly, there was probably a direct
toxic effect of G418 on EBV-reactive T cells despite the presence of the Neo^
transgene (Sauce et al, 2002).
In Chapter 4, a protocol for the transduction of T cells using both antiCD3 and anti-CD28 antibodies and low concentrations of rlL-2 was
described. The transduced populations were mostly CD3^ and the CD4:CD8
ratio was reduced in most individuals when compared to the initial PMBC
sample, albeit to a lesser extent than if cells were activated with PHA. In this
Chapter, phenotypic changes are further characterised by flow cytometric
analysis of common T subset markers and spectratype analysis of the T cell

148

CHAPTER 7_______________________ IMPACT OF TRANSDUCTION ON T CELLS

receptor (TOR) Vp repertoire. The assessment of the functional ability of
transduced cells was complicated by the persistence of the effects of the
initial activation events. Nevertheless, attempts were made to generate anti
viral responses using transduced and non-transduced cells.

7.2 RESULTS
7.2.1 TRACKING CELL DIVISION USING CFSE STAINING
PBMGs were loaded with CFSE and cultured on the stimulator plates.
The cells were analysed every 24 hours by flow cytometric analysis (Figure
7.1). Daughter cells were first detected between 48-72 hours, coinciding with
the first round of exposure to retrovirus. By the end of the procedure at 144
hrs, there had been at least seven cell divisions, as indicated by the number
of peaks on the flow cytometry plot. Interestingly, there did not seem to be
any difference in the profiles produced by co-staining the cells for CD4 or
CDS in this particular experiment.

7.2.2 CHANGES IN T CELL PHENOTYPE THROUGH TRANSDUCTION
Flow cytometric analysis was used to compare the phenotype of
transduced PBMGs with the initial populations. Antibodies against the
markers GD3, GD4, GD25, GD27, GD45RO, GD45RA and GD56 were used
to profile populations before and after transduction and selection for six
individuals. A representative series of plots is shown in Figure 7.2. The
transduced populations were >90% GD3^ and depleted of natural killer
GD56^ phenotype cells. Fligh levels of GD25 expression confirmed that the
samples were strongly activated. There was a reduction in GD45RA cells,
reciprocated by a rise in GD45RO cells. The naive pool of GD45RA'^GD27^
cells became reduced and the GD45R0^GD27^ fraction increased or
remained unchanged.
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Figure 7.1. CFSE tracking of T cell division through transduction
Cells were loaded with CFSE and co-stained with anti-CD4PE and anti-CD8PE
antibodies and tracked by flow cytometry through preactivation with anti-CD3 and
CD28 (0-72hrs) and virus transduction (72-96hrs) to the end of the procedure
(144hrs). There were at least 7 cell divisions, involving both CD4 and CD8 subsets,
detected over this period, as indicated by the number of discrete peaks.

CD4

CD8

Ohrs

...I

24-48hrs ’

'10*^

iio ^

!io^ ' n

0®

! io i '

iio ^

48-72hrs

lto2

72-96hrs

144hrs

I

Figure?.2.Changes in the phenotype of transduced populations.
The distribution of the following markers CD3,CD4,CD8,CD25, CD27, CD45RO/RA, and CD56 were measured by flow cytometry
before and after the transduction procedure. Representative plots from one of six individuals are shown.
The majority of cells were CD3^ by the end of the procedure and were highly activated (CD25^) and there was a shift towards the
CD45RO memory phenotype for both CD4 and CD8 subsets.
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7.2.3. ANALYSIS OF T CELL RECEPTOR Vp REPERTOIRE
Analysis of the T cell receptor Vp repertoire was performed before and
after retroviral transduction. The CD4 and CD8 subsets were separated by
magnetic bead selection prior to transduction and independently evaluated.
Following transduction, both the ALNGFR^ and ALNGFR' (non-transduced)
fractions were evaluated.

Following magnetic bead selection for ALNGFR,

cells could not be reliably separated into CD4 and CD8 fractions using the
same technique, and thus were analysed together. There was no evidence of
transduction induced repertoire skewing for any Vp family. Furthermore,
when clonal expansion was detected prior to activation and transduction, the
spectratype distribution remained unchanged following the procedure (Figure
7.3).

7.2.4. T CELL PROLIFERATION AFTER TRANSDUCTION
Transduced cells exhibited a highly activated phenotype (CD25'") and
continued to divide at the end of the procedure if culture conditions were
maintained. In Figure 7.4 proliferation responses were measured 1,3 and 5
days later. Cells not receiving further stimulation continued to proliferate and
responses were only marginally less than if cells were further activated with
mitogen or antibodies. The cryopreservation and thawing of transduced cells
did not influence responses. Attempts to measure allogeneic responses of
transduced PBLs were hampered by continuing proliferation. Cells cultured
with irradiated allogeneic PBMCs, proliferated as expected. However,
responses were also detected if transduced cells were cultured with
irradiated syngeneic PBMCs, indicating high levels of non-specific activation.
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Figure 7.3..Analysls of the effect of transduction on the T cell receptor Vp
repertoire.
The CD4 and CD8 populations were analysed independently before transduction, and the
ALNGFR^ and ALNGFR fractions examined after selection. There was no skewing of the
repertoire when T cells were activated with anti-CD3 and CD28. As highlighted in the
enlarged figure, normal distributions were preserved, as were those exhibiting clonal
expansion before pre-activation.
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Figure 7.4.. Continuing proliferation of T cells after transduction..
(A) The alloreative potential of transduced cells (tA) and transduced cells that had been
cryopreserved and thawed (c-tA) was compared against fresh PBMCs from a volunteer
donor, A. Stimulator cells were allogeneic (B*) or autologous (A*) irradiated PBMCs.
Allogeneic responses were strong in all groups, but transduced cell responses were non
specific, reflecting their highly activated state.
(B) At the end of the transduction period I cells continued to strongly proliferate
irrespective of additional stimulation IL-2 or antibodies.
Responses were measured 16 hours after pulsing cells with ^H-thymidine, and the
means of triplicates +/-1 standard error are shown.
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7.2.5. ANTI-CMV T CELL RESPONSES AFTER TRANSDUCTION
PBMCs were collected from two HLA-A2 CMV seropositive volunteer
donors. Half the cells were retrovirally transduced and enriched. Anti-CMV
specific cytotoxic I cells were generated as described using transduced and
non-transduced PBLs. Transduced cells initially expanded rapidly when
cultured with autologous CMV pulsed DCs, but within 5 days there were large
number of dead cells in the culture. Using trypan blue exclusion as an
indicator of viability, between 10-20% of the cells remained alive, compared
to over 80% of non-modified I cells. The proliferative response of CMV
specific T cells were assessed in parallel by culture with autologous DCs
pulsed with CMV antigen. Non-transduced T cells showed strong proliferative
responses in combination with autologous DCs and CMV.

However,

transduced cells under similar conditions failed to register a response using
radiolabeled thymidine incorporation as a measure of proliferation (Figure
7.5A).
Sufficient viable cells were recovered by Ficoll centrifugation of the
transduced cell/DC co-culture. The cytotoxic function of these cells against
autologous and allogeneic CMV pulsed DCs was evaluated using a LDH
release assay. Responses of transduced and non-transduced cells were
comparable, but the yield of viable cells from the transduced cell culture was
greatly reduced (Figure 7.5B)
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Figure 7.5.. The generation of CMV specific CTLs from two seropositive donors using transduced T cells
(A) Proliferative responses of non transduced CTLs cultured with autologous CMV pulsed DCs, between days 7-12 of co-culture,
were intact (with no response to a control antigen, or DCs alone).Transduced cells underwent rapid expansion, followed by massive
apoptosis. ^H-thymidine uptake was measured 16 hours after pulsing and results show means of triplicate +/-1 standard error.
(B) When sufficient viable transduced cells were recovered, cytotoxic responses measured by LDH release were intact, and specific
for autologous DCs pulsed with CMV as shown in lane A. Minimal respsonses were detected when the targets cells were non-pulsed
autolgous DCs (Lane B) or allogeneic DCs (Lane C). Results show means of triplicates.
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7.3. DISCUSSION
7.3.1. STUDIES OF T CELL PHENOTYPE AFTER TRANSDUCTION
There have been few studies that have investigated alterations in T
cell subset distribution after retroviral transduction. The impact of the initial
activation stimulus is highlighted by CFSE tracking which revealed that
PBMCs first divide between 48 and 72 hours, and by the end of the
procedure, six days later, cells have undergone over seven divisions. The
cells by this stage are mostly T cells with over 90% expressing CDS and a
small number (2-3%) of natural killer cells of the CD56'" phenotype. As
expected, the cells are highly activated with most expressing the CD25 (IL-2
receptor-a) surface molecule.
Movassagh et al. (2000) reported that preferential expansion of CDS'"
T cells led to the CD4:CD8 ratio becoming inverted after 5 days of culture if T
cells are activated with anti-CDS and IL2 (600iu/ml). They demonstrated that
the majority of CD4 T cells reach S phase around 48 hours after CD8 T cells
when activated in this manner, and advocated separation of subsets before
transduction to ensure administered populations comprised optimal numbers
of each subset. The in vivo expansion of T cells in response to viral challenge
can be divided into distinct phases. Initial T cell expansion is followed by
apoptosis, before the generation of memory T cells. The magnitude of the
CD8^ T cell response is usually stronger and more rapid than the CD4^
fraction (Whitmire & Ahmed, 2000). As shown in chapter 4, there was
considerable inter-individual variation between volunteer donors, but in
general, the CD4:CD8 ratio was reduced by the end of the transduction
procedure. This would be consistent with more rapid expansion of CD8^ T
cells following the initial activation event.
Following stimulation by a specific antigen in vivo, T cells switch
expression of membrane CD45 isoforms. The high molecular weight isoform
CD45RA is expressed on immunologically naive cells and the low molecular
weight CD45RO isoform is preferentially expressed in a reciprocal manner on
memory T cells. The effect of retroviral transduction on CD45RA and
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CD45RO T cells has not been extensively studied. Dardalhon et al. used a
retroviral vector encoding eGFP and packaged with GALV to transduce
mature PBMCs and T cells from umbilical cord collections (Dardalhon at ai,
2000). Naive umbilical cord T cells were shown to switch from CD45RA to
the GD45RO phenotype after 6 days of stimulation, and were transduced at
lower efficiency than mature T cells. CD45RO T cell subsets of PBMCs were
more susceptible to transduction after a single round of exposure to virus,
although after two rounds, equivalent levels were observed in the report.
Simultaneous staining with CD45RA or CD45RO and CD27 has been
advocated as a way of identifying T cells subsets. For example, characteristic
staining

patterns for CD8^ T cells have been defined;

CD45RA"'CD27^;

memory

cells,

CD45R0^CD27^;

naive cells,

effector

cells

CD45RA^CD27" (Hamann et al, 1997).
In this study, the staining of cells before and after transduction
revealed quite marked shifts in these subsets. There appeared to be
preferential expansion and transduction of the memory subset, and reduction
of the naive and effector fractions. The comparison between an initial PBMC
sample and the final T cell rich population is of direct relevance to the clinical
setting. Infusions of GM-T cells generated using similar procedures would
consist of T cell subsets clearly different from those of an unmodified DLI and
the implications for anti-viral immunity and anti-leukaemic effects require
further investigation.

7.3.2. ANALYSIS OF THE T CELL REPERTOIRE
Analysis of the T cell receptor complementarity determining region-3
(CDR3) size analysis has been used to investigate the T cell repertoire
before and after retroviral transduction.

Reverse transcriptase-polymerase

chain reaction (RT-PCR) of RNA extracted from T cells allows determination
of the hypervariable Vp chain CDR3 transcript length. Clonal expansion or
deletion of T cells can be detected through distortions of the usually
Gaussian-like distribution generated for each of the 24 Vp subfamilies. The
ex-vivo manipulation and expansion of T cells in studies attempting to
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expand specific cells has been shown to lead to significant repertoire
selection (Dietrich etal, 1997).
Skewing of the CD4 and CD8 Vp repertoire has also been noted in
protocols that used a combination of anti-CD3 antibody and 600iu of IL-2/ml
to preactivate I cells for retroviral mediated gene transfer (Movassagh et al,
2000). The changes were not related to the process of retroviral transduction
itself, but rather to the activation procedure and length of ex-vivo culture.
Ferrand et ai. (2000) also demonstrated skewing of the repertoire using
similar activation procedures and were able to show that changes occurred
between days 7-12 of culture.

Again, the activation and ex-vivo culture

conditions, rather than transduction or selection procedures, were thought to
be responsible. In Section 7.2.3 CD4 and CD8 T cell populations were
separated and were spectratyped before activation with a combination of
anti-CD3 and CD28 antibodies. The transduced (ALNGFR^) and nontransduced fractions (ALNGFR ) retained a Gaussian distribution for most of
the vp families tested. Interestingly, where there was evidence of clonal
expansions in the initial samples, both the transduced and non-transduced
populations exhibited similar expansions. Thus, activation with both anti-CD3
and anti-CD28 does not seem to be associated with alterations in the T cell
Vp repertoire.

7.3.3. RETROVIRAL TRANSDUCTION AND EFFECTS ON T CELL
FUNCTION
The impact of ex-vivo manipulation of T cells for gene transfer using
12 day protocols based on anti-CD3/IL-2 pre-activation followed by G418
selection on the anti-Epstein Barr Virus potential of GM-T cells has been
investigated (Sauce et al, 2002). A loss of EBV reactive T cells was reported
and it was proposed that this was related to culture conditions. Impairment of
anti-EBV reactivity may be particularly relevant in view of reports that 3/12
patients treated with GM-T cells developed EBV related lymphoproliferative
disease, albeit in patients at high risk for this complication (Tiberghien et al,
2001). There are also concerns about the level of CMV infection in ongoing
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trials, and the lower than expected levels of GVHD (Bonini et al, 2002).
Studies in a rat model have suggested that the potential of activated and
cultured I

cells to mediate GVHD is reduced, in particular if they are

manipulated for more than 6 days. Weijtens et ai. (2002) investigated the
potential of retrovirally transduced, ALNGFR-selected, rat I cells to mediate
GVHD in MHO mismatched transplantation. I cells activated with Con A,
transduced and magnetically selected within 5 days retained the ability to
cause GVHD. Cells cultured for longer than six days had a reduced capacity
to induce GVHD and the authors suggest that the loss of I cell alloreactivity
may be due to changes induced by longer periods of culture, rather than by
mitogen

induced

activation.

immediate infusion of I

This study also

provided

evidence that

cells after selection on the basis of LNGFR

expression using magnetic beads was less likely to cause GVHD than if the
cells were first cultured for a 24 hour period. This finding is not thought to
directly relate to residual binding by anti-LNGFR antibodies or bead, but does
imply that the T cells need time to recover from the selection procedure.
Retroviral transduction and expansion of murine T cells is considered
to be quite difficult, but Kornblau et ai. have developed a model that closely
replicates clinical protocols (Kornblau et ai, 2001).

The group activated T

cells using ConA and used ALNGFR expression linked to HSVTK to select
retrovirally-transduced cells with magnetic beads. Cells expanded rapidly for
up to 12 days, but had become exhausted by 16 days.
Comparisons of alloreactive response of cell populations before and
after retroviral transduction were carried out. However, the responses of
transduced T cells challenged with autologous irradiated PMBCs were as
strong those induced by allogeneic challenge. This was consistant with the
strongly activated state of cells after the initial stimulation with antiCD3/CD28. Figure 7.4B shows the continuing proliferation of transduced
cells with or without additional stimulation. Cryopreservation and thawing of
transduced cells reduced the magnitude of responses, but the effect was
non-specific.
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CMV specific CTLs can be generated in vitro using CMV pulsed
autologous DCs (Peggs et ai, 2001). The feasibility of generating CTLs from
transduced T cell populations was investigated for two CMV seropositive
individuals. Transduced and non-transduced T cells were cultured with
autologous CMV pulsed DCs in parallel cultures. Continuing rapid expansion
of transduced T cells was observed for several days after initiation of DC co
culture. Proliferative responses were measured after the first week of co
culture by plating samples of the effector populations against fresh DCs
pulsed with CMV (or a control antigen) and measuring

thymidine uptake

after a further 5 days. At this stage non-transduced cells mounted a strong
proliferative response as expected. In contrast, transduced cells had stopped
proliferating by the time responses were assessed. The co-cultures received
supplementation with additional rlL2 (lOiu/ml) from 10 days onwards but
large-scale apoptosis amongst the transduced populations resulted in a
greatly reduced yield at the end of the procedure. Although sufficient T cells
were recovered by Ficoll separation of dead cells to demonstrate intact
cytotoxic responses to fresh CMV-pulsed DCs, the overriding feature of these
experiments was the rapid expansion of transduced cells followed by rapid
exhaustion and apoptosis. An attempt was made to identify CMV specific T
cell populations using HLA-A2/CMV peptide tetramer staining, but the data
was not satisfactory due to the limited number of cells available.

In summary, the data in this Chapter and Chapter 4 has shown that it is
possible to efficiently transduce primary T cells using retroviral vectors and to
select target populations to a high degree of purity. Using a combination of
anti-CD3 and CD28 antibodies appears to achieve greater gene transfer than
PHA activation and is associated with less CD4:CD8 ratio alteration. The T
cell repertoire is intact after transduction, but the cells remain highly activated
and are prone to exhaustion in extended cultures.
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There is a dilemma concerning the role of T cells in allogeneic HSCT.
Early post transplantation morbidity and mortality due to GVHD has been
greatly reduced by the depletion of T cells from donor grafts. However,
reduced

anti-leukaemic

effects,

delayed

immune

reconstitution

and

prolonged periods of immune deficiency have meant that a reduction in early
transplant related complications has not necessarily translated into improved
long term survival. In particular, for patients undergoing haploidentical HSCT
for haematological malignancies, successful outcomes often depend on the
intact anti-leukaemic potential of the graft. The ability to separate T cells
mediating beneficial and harmful effects would resolve the dilemma, but it is
not currently possible to reliably delineate such subsets and a degree of
functional overlap is inevitable. The limitations of strategies designed to
selectively remove alloreactive T cells from the graft, or to render donor
marrow unresponsive to alloantigens, are discussed below. Small clinical
studies have demonstrated that T cells can be genetically modified to
incorporate the HSVTK suicide gene and administered to patients following
HSCT. The principle that if such GM-T cells cause GVHD, they can be
eliminated by the administration of GCV was clearly established in 1997
(Bonini et al, 1997). The major aims of this study were formulated shortly
afterwards, and were designed to incorporate advances in vector design and
suicide gene technology. Further data from ongoing clinical trials highlighted
a number of concerns. The process of retroviral transduction requires that T
cells are preactivated, exposed to virus and then selected, and major
concerns were raised about the survival and function of T cells that had been
manipulated ex-vivo (for upto 12 days in some cases). Reports have
suggested a lower than expected incidence of GVHD (Bonini et ai, 2002) and
a failure to eliminate virus related pathology (Tiberghien et ai, 2001; Sauce et
al, 2002) following the infusion of GM-T cells. There were also concerns that
in some patients GM-T cells were not eliminated by the administration of
GCV (Verzeletti et al, 1998) and investigations revealed the presence of a
truncated alternative splice variant of HSVTK. This study has evolved to
reflect, and where possible investigate such issues.
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8.1. HYBRID RETROVIRAL VECTORS AND SELECTABLE MARKERS
Improvements in HSC gene transfer technology, including viral
envelope pseudotyping and the use of the co-localising agent Retronectin,
have been adopted in T cell transduction protocols. Reliable high efficiency
gene transfer can now readily be achieved. The threat of silencing or
extinction of transgene expression has been tackled by customizing retroviral
LTR sequences and leader regions, which may otherwise act as targets for
suppression.
Modified hybrid retroviral vectors employing the SFFV-derived U3
region within the 5’LTR (encoding strong enhancer/promoter elements) to
drive transgene expression have proven suitable for I cell transduction. In
this study, plasmid constructs were based on the first generation hybrid
vectors originally produced by Baum et al (1995). These vectors have
modified leader sequences that are have been shown to support superior
transgene expression when compared to wild type MLV vectors (Hildinger et
ai, 1998). An alternative construct (based on p S F II) became available later
in the study in which the leader sequence has been further modified to
abrogate the expression of aberrant peptides or proteins (Hildinger et ai,
1999). Both vectors were equally effective as vehicles for gene transfer into T
cell lines and primary T cells when used in conjunction with the PG13 or
FLYRD18 packaging cell lines. There was no evidence of suppression of
ALNGFR expression in long term in vitro cultures of transduced Jurkat T
cells, or in transduced M0LT4 cells that were recovered from inoculated mice
after a period of 6 weeks.
The importance of careful vector design was underlined when
attempts to generate virus using the initial pSFFV-HSVTK-IRES-LNGFR
constructs failed. As retroviral replication involves an RNA intermediate,
genes inserted into vector must permit full-length copies of the vector
genome to be produced. Presumably, the inadvertent inclusion of a
polyadenylation signal distal to the HSVTK open reading frame interfered
with full-length vector transcription and prevented the formation of vector
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replete virions. The problem was corrected once the offending signal was
identified and removed from the vector construct.
The inclusion of eGFP allowed transduced cells to be rapidly identified
and there was no evidence that eGFP mediated any toxic effects as
suggested in some reports (Liu et al, 1999). It is possible to enrich
transduced cells on the basis of eGFP expression using flow cytometric
sorting, but this approach would be cumbersome in the clinical setting.
Furthermore, the in vivo use of cells encoding eGFP would probably elicit
immune responses against the protein (Stripecke at ai, 1999). As a more
favourable alternative, expression of cell surface markers (ALNGFR or
tCD34) derived from endogenous human receptors was linked to the HSVTK
suicide gene. Transduced cells could be readily detected using monoclonal
antibodies and rapidly enriched to high efficiency using a clinically adaptable
magnetic bead system. A recent report of transformational changes in mice
undergoing HSC transplantation following ALNGFR gene transfer has raised
concerns about use of the marker in humans (Li at ai, 2002). The full length
LNGFR (p75NTR) is now known to have both pro-apoptotic and survival
promoting functions and acts as a co-receptor for the Trk family of tyrosine
kinases (Roux & Barker, 2002). In humans, splice variants of LNGFR have
truncated

extracellular

domains

but

retain

signaling

capabilities

via

cytoplasmic domains. In contrast, ALNGFR lacks the cytoplasmic signaling
domains and is considered incapable of signal transduction. It is conceivable
that in certain cell lineages, ALNGFR could associate with and influence the
signaling pathways of native LNGFR or TrKA, but to date this has not been
demonstrated.
Selection based on the expression of the alternative marker tCD34
has a major advantage in that equipment and reagents for CD34 selection
are widely used for HSC selection in clinical practice. Studies are underway
to examine the influence of tCD34 on human cell homing in mice, but such
models may not be biologically relevant. Caution will be required if T cells
modified to encode tCD34 are to be used clinically to mark T cells, as a clear
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understanding of the in vivo function of the molecule is lacking (Krause et al,
1996).

8.2. IMPROVING HSVTK SUICIDE GENE PERFORMANCE
The superiority of mutant HSVTK genes over wild type HSVTK in a
number of tumour cell lines has been previously reported (Kokoris et ai,
1999; Qiao et al, 2000; Black et ai, 2001). The data in Chapter 5 has
established that HSVTKSR39 function in T cell lines and primary T cells is
superior to HSVTKwt. The ability to function in combination with low
concentrations of GCV offers advantages in the bone marrow transplantation
setting. The administration of high doses of GCV in the post-transplant period
is associated with myelo-suppressive and T cell suppressive side effects in
particularly vulnerable patients. The HSVTKSR39 system offers the prospect
of using the much less toxic agent ACV, although patients often receive this
drug as prophylaxis against HSV infection. Alternative anti-viral agents such
as Foscarnet could be used in place of ACV (or GCV) to avoid the premature
elimination of the infused GM-T cells.
Other approaches aimed at improving HSVTK suicide gene function
have included attempts to enhance the bystander effect (Marconi et ai,
2000). This has been of more relevance in studies in which suicide genes
have been used to treat solid tumours, as the bystander effect is probably not
significant in T cell suicide gene therapy.
Attempts have also been made to improve the cystostatic effects of
ACV and GCV through the introduction of additional cyclic ring elements
(Balzarini et al, 2002). The tricyclic derivatives were at least as effective as
the parent ACV and GCV molecules as suicide systems prodrugs in
combination with

HSVTK, and

interestingly also

had strong

intrinsic

fluorescent properties. The latter may allow the development of simple and
rapid methods of monitoring drug concentrations in biological samples,
though /n vivo safety profiles have yet to be determined.
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8.3. PHENOMENA OF RESISTANCE TO GCV
The discovery of truncated splice variant forms of HSVTK, incapable
of activating the prodrug GCV, helped account for resistance phenomena
observed in vitro and in vivo (Garin et al, 2001). However, elimination of the
cryptic splice sequences at both the splice donor and acceptor sites only
marginally improved GCV sensitivity when compared to the original vector
(Chalmers at al, 2001). In the constructs generated in this study, the
presence of the splice variant form of HSVTK was not demonstrated, and T
cells exposed to GCV for over 14 days in vitro did not survive. Resistance
phenomena in vivo are more difficult to exclude, and may be associated with
a number of factors:(i) Cell cycle dependence. LTR efficiency may vary with cell cycle, leading to
a reduction in transgene expression in resting cells (Lu et al, 1996), In
addition, resting cells may not be susceptible to the cytotoxic effects of GCV,
as the drug is only directly toxic to dividing cells.
(ii) Silencing of transgene expression. Méthylation of sequences in retroviral
long terminal repeats or the HSVTK gene coding regions may lead to
silencing of transgene expression (Di lanni etal, 1999; 2000; Graessmann et
al, 1994). The hybrid vectors used in this study have been designed to resist
silencing (discussed above). Furthermore, human cells are thought to be less
prone to this phenomenon, and silencing has not been demonstrated in
clinical trials of ADA gene therapy or X-SCID gene therapy using Moloney
MLV based vectors (Hawley & Sobieski, 2002).
(iii)

Repair

of

incorporated

antiviral

drug.

Toxic

metabolites

of

phosphorylated GCV become incorporated into DNA leading to cytotoxic
effects during post-exposure DNA replication. A recent report suggests that
GCV incorporated into DNA is subject to repair by DNA polymerase, and
such defence pathways may contribute to cellular resistance to the prodrug
(Tomicic et al, 2001).
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8.4. ALTERNATIVE SUICIDE GENE SYSTEMS
A further limitation of HSVTK based suicide gene systems is due to
their non-human origin and the likelihood that after repeated infusion of GM-T
cells an immune response may be elicited. It appears from unpublished
reports that cytotoxic T cell responses against GM-T cells has been observed
in 8/24 patients in Italy (Thomis et al, 2001). This may be less likely in the
early post-transplant period as the patients will be immunosuppressed, but if
the cells are used in repeated doses to treat leukaemic relapse following
immune reconstitution the risks may be higher. The suitability of a Fas-based
suicide switch, as an alternative enzyme-prodrug activating system for
triggering cell death in T cells, has recently been investigated. Cross-linking
of Fas (CD95; a member of the tumour necrosis-nerve growth factor receptor
superfamily) leads to the activation of a proteolytic cascade of caspases and
results in apoptotic cell death. A chimaeric protein containing the membrane
anchored intracellular domain of Fas and fused to the FK506 binding protein
(FKB12) has been used in combination with a dimeriser agent (API 903) as a
suicide switch in T cells (Clackson et ai, 1998;Thomis et al, 2001). The Fas
based system, being of human origin, is unlikely to induce immune
responses and hence GM-T cells carrying the gene could be infused (and
cleared) repeatedly if required. Cell death appears to occur within hours of
exposure to API 903 and is independent of the cell cycle. Thus, all GM-T
cells would be eliminated, irrespective of whether they were actively engaged
in GVHD. Preliminary data from experiments on non-human primates seem
to confirm the efficacy of the system in vivo and no acute toxicities have been
reported (Berger et ai, 2002).
The B cell surface molecule CD20 has also been proposed as a
potential T cell suicide mediator. Retroviral vectors encoding the CD20
transgene have been used to transduce PHA activated T cells, which could
then be enriched on the basis of CD20 expression. Exposure of CD20
expressing cells to a monoclonal chimaeric anti-CD20 lgGi(K) antibody
(Rituximab) in the presence of complement led to rapid elimination (Introna et
al, 2000). The system has the advantage of encoding only human
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transgenes, and a key reagent, Rituximab, is already in clinical use to treat
patients with B cell lymphoproliferative disorders. However, it is not know
whether the expression of CD20 on T cells alters functional capacity or
homing patterns in vivo, Furthermore, the administration of Rituximab to
eliminate GM-T cells in the event of GVHD would also lead to the eradication
of the

host B cell

pool and

may lead to a prolonged

period

of

immunodeficiency.

8.5 IMPACT OF ACTIVATION AND CULTURE ON T CELLS
Sauce et al. have clearly demonstrated impaired anti-EBV activity in
primary T cells following pre-activation with anti-CD3 and IL-2 and Neo^
based selection (Sauce et ai, 2002). The group reported that prestimulation
with anti-CD3, anti-CD28 and IL-2 improved the anti-EBV response by
reducing activation induced cell death, and indicated that memory T cells
exhibit stronger proliferation under these conditions. Reduced skewing of the
T cell receptor Vp repertoire has also been observed in comparison to
protocols that omit costimulation with anti-CD28 (Ferrand et al, 2000). The
procedures adopted for primary T cell transduction in this study have
incorporated these improvements, and have used rapid selection procedures
based on cell surface marker expression to minimize culture periods. In
Chapter 7, flow cytometry analysis of cells at the end of transduction
indicated that the cells were highly activated (CD25^) and there was usually
an increased proportion of CD8 cells, and reduced proportion of naive cells.
The data confirms that CD45RO memory cells predominate, and although
this could be advantageous in donors with a high frequency of anti-GMV or
anti-EBV T cells, responses to novel antigens may be impaired. The
preservation of the T cell repertoire (including pre-expanded clones) was
reassuring but attempts to demonstrate functional integrity were hampered.
Cells continued to rapidly proliferate if cultured in complete medium and
interpretation of MLR responses was compromised by high background
proliferation. When transduced T cells from CMV seropositive donors were
cultured with autologous CMV pulsed dendritic cells, rapid proliferation for
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several days was followed by extensive apoptosis and cell death in the
second week of culture. Salvaged live cells were restimulated with CMV
pulsed DCs and a sufficient number recovered to demonstrate intact
cytotoxic activity.
Koehne et al. (2000) transduced T cells with a similarly designed
retroviral construct (encoding HSVTK-IRES-ALNGFR) after prestimulation
with anti-CD3/CD28. Transduced I

cells exhibited negligible cytotoxic

activities against a variety of targets, including autologous and alloreactive
EBV B-lymphoblastoid cell lines (B-LCL) and allogeneic PHA blast cells.
Difficulties were encountered when transduced I cells were stimulated with
autologous B-LCL for an 8-day period. It was not possible to generate
specific CTLs or sustain them in culture beyond 14 days in three donors
tested. In contrast, it was possible to selectively transduce EBV specific T
cells using the conventional approach of activation with B-LCLs and then
exposure to retrovirus.

8.6. COULD GENE TRANSFER BE ACHIEVED WITHOUT
PREACTIVATION OF I CELLS?
Lentiviruses, including the human immunodeficiency virus (HIV), are
capable of integrating their genomic material (following reverse transcription)
into the genome of certain cell types even in the absence of active division
(Greene & Peterlin, 2002). Thus, lentiviral vectors may offer the valuable
advantage over retroviral vectors of not requiring T cell pre-activation to
achieve stable transduction. The ability of HIV-1 to establish infection in
primary quiescent lymphocytes has been reported (Spina at al, 1995), but
there have been suggestions that some degree of T cell activation is required
to overcome a number of post-entry blocks and for viral replication to occur
(Stevenson et al, 1990; Tang et al, 1995). Wild type lentiviruses encode
several accessory {Vif, Vpr, Vpu and Net) and regulatory (tat and rev)
proteins as well as gag, pel and env genes. As these proteins could be
associated with virulence, their genes are usually removed from lentiviral
vector constructs. The role of the various accessory proteins in the
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transduction process has yet to be fully elucidated, but vectors produced in
the absence of accessory proteins are less effective than their parent vectors
for transduction of I cells (Costello et al, 2000; Chinnasamy at al, 2000).
Modifications to aid transgene expression, such as the inclusion of the
Woodchuck hepatitis virus post-transcriptional regulatory element (WPRE)
and the incorporation of the HIV-1 central polypurine track (cPPT) to facilitate
nuclear entry, have improved gene transfer into haematopoietic cells
(Demaison at al, 2002). However, this has not circumvented the need for
cells to cross from Go to Gi before stable transduction can occur. Primary I
cells activated with cytokines alone (rather than mitogens or antibodies) can
be effectively transduced using lentiviral vectors (Unutmaz at al, 1999).
Recently, Bonini at al. have described lentiviral vectors encoding HSVTK and
reported that primary T cells could be transduced in the presence of IL-7,
within one round of cell division. It is thought that IL-7 is involved in the
homeostatic maintenance of the T cell pool in vivo, and in vitro the cytokine
does not alter the phenotype of CD4^ T cells. The use of IL-7 for both
retroviral and lentiviral mediated T cell transduction certainly warrants further
investigation (Cazzaniga at al, 2002).
Maurice at al. (2002) have produced lentiviral vectors that display on
their surface an anti-CD3 single chain antibody variable fragment activating
polypeptide. Resting T cells could be effectively transduced using such
surface engineered vectors, though the impact on subsequent T cell
phenotype and function has yet to be fully evaluated.
There are biosafety concerns linked to the use of HIV based lentiviral
vectors and there has been interest in alternative lentiviruses that are nonpathogenic in humans. Non-primate lentiviruses include the feline and bovine
immunodeficiency viruses and the equine infectious anaemia virus (EIAV).
The latter has evolved as a possible candidate for vector development,
having no known pathogenicity in man, and a relatively simple genome
encoding three accessory genes {tat, rav, and S2) as well as the gag, pol and
anv genes (Olsen, 1998). EIAV based vectors are capable of transducing
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non-dividing fibroblasts and post-mitotic neurons (Mitrophanous et al, 1999),
but have not been fully evaluated in T cells.
Alternative vectors based on foamy retroviruses may also be capable
of transducing non-dividing T cells. The foamy viruses (or Spumaviridae) are
considered to be ubiquitous, non-pathogenic and have broad tissue tropism
(Hill et ai, 1999). Human foamy virus vectors encoding HSVTK have been
used to transduce a variety of tumor cell lines (Nestler et ai, 1997). Simian
foamy virus vectors have recently been shown to be capable of transducing
primary human T cells in the presence or absence of PHA stimulation. As
foamy viruses bud from intracellular membranes and remain sequestered in
the cell, low virus titres in collected supernatant have previously been a
limiting factor in the use of foamy virus vectors, but the authors report
impressive transduction efficiencies of over 80% in non dividing T cells using
an MOI of 1 (Mergia etal, 2001).
Future work will investigate the potential of these vector systems to
transduce non-stimulated or minimally stimulated primary T cells, and will
evaluate the phenotype and functional potential of the transduced T cells.
8.7. TESTING T CELL SUICIDE GENES IN ANIMAL MODELS
There has been a large body of work centred on testing suicide gene
strategies using HSVTK transgenic strains of mice. Although very useful, the
models do not reflect the difficulties or consequences of gene transfer into
mature

lymphocytes.

Human-mouse

chimaeric

models

involving

the

engraftment of human T cells in immunodeficient mice have been used in the
evaluation of anti-cancer therapies (Bankert et al, 2001). However, there are
few reports of similar models being used to test suicide gene function in GMT cells. A large number of cells (up to 80x10® per mouse) are required to
establish engraftment, and the large amounts of viral supernatant and other
reagents required

in order to undertake meaningful experiments are

prohibitive. In Chapter 6, the M0LT4 T cell line was investigated as a
surrogate for primary T cells, and although engraftment could be reliably
achieved, the elimination of transduced cells was more difficult. The design of
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such experiments and the choice of endpoints is crucial. It became apparent
that by the time mice showed signs of engraftment, the extent of their
pathology was irreversible with GCV therapy irrespective of whether the GMT cells encoded the HSVTKwt or HSVTKSR39. In order to minimize the
number of mice used, experiments were designed to demonstrate the
function of HSVTKSR39 (in contrast to HSVTKwt) in combination with VOV
using a pre-determined endpoint, before the onset of engraftment related
morbidity. In the event, engraftment was only detected after explanted
spleens were cultured in vitro and there was clearly a lower tumour burden in
the HSVTKSR39 group. It is likely that the evaluation of suicide gene function
in primary T cells will only be achieved in carefully designed clinical trials.

8.8. STRATEGIES FOR THE CLINICAL USE OF T CELL SUICIDE
Initial clinical trials (Bonini et al, 1997) used a protocol that involved
the delayed infusion of T cells following relapse. GCV was given only if
GVHD developed (Figure 8.1 A). A more anticipatory approach was used by
Tiberghien at al., as GM-T cells were administered at the time of HSCT
(Tiberghien at al, 2001). Again, GCV was used after the development of
GVHD (Figure 8.1 B). A similar approach, designed to encourage early
immune reconstitution, is currently being investigated in the haploidentical
setting (Bonini et al, 2002). In situations when it is desirable to establish early
engraftment, with minimal GVHD and a sustained GVL effect is not required.
Ganciclovir could be administered in a pre-emptive manner to eliminate the
aggressive allo-reactive cell (Figure 8.1C). Data from studies in transgenic
mice would appear to favour the early use of GCV in this manner (Cohen at
al, 1999a) and it has been shown that following the infusion of T cells, the
most

alloreactive

donor T cells

divide

before

non-alloreactive

cells

(responding to homeostatic signals) and are thus more susceptible to
elimination (Maury at al, 2001).
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Figure 8.1. Strategies for the use of HSVTK transduced T cells and GCV in
allogeneic HSCT.
(A)The ‘Relapse’ protocol uses GM-T cells to treat relapse or lymphoproliferative
disease following transplantation, followed by GCV only if GVHD arises.
(B)The early infusion of GM-T cells for maximal benefit, followed by GCV if
GVHD arises
(C) In non-malignant scenarios, infusion of GM-T cells along with GCV may
eliminate the most allo-reactive cells as they would divide early after infusion
(D) Allodepleted GM-T cells may be infused with low risk of GVHD, which if it
occurs would be treated with GCV
(Arrows; Green, HSC infusion: Red, GM-T cell infusion: Yellow, GCV therapy)
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The inclusion of an additional step to deplete alloreactive cells ex-vivo
following a modified MLC (discussed below) prior to genetic modification
could be considered (Figure 8.1D). A loss of the GVL effect using this
strategy would be likely and it may not be suitable for patients with
malignancies, but could be used in non-malignant disease.
The role and timing of pre and post transplant immunosuppression
needs to be considered carefully. The persistence of circulating anti
thymocyte globulin (ATG) or Campath, used as part of a conditioning
regimen could lead to the rapid elimination infused donor T cells infused early
in the peri-transplant period. The immunosuppressant drug Cyclosporin is
known to have a cytostatic effect on T cells and it could negatively interfere
with the division-dependent HSVTK suicide. Patients treated with GOV to
eliminate GM-T cells in the trial reported by Tiberghien et al. were also
receiving Cyclosporin and 3 out of 4 showed complete responses. The issue
has been considered in experiments using HSVTK transgenic mice and it
appears that Cyclosporin does not antagonize the ability of HSVTK/GCV in
GVHD prevention strategies (Maury et al, 2002). Ultimately, the use GM-T
cells in combination with GCV could lead to protocols in which the need for
Cyclosporin use was minimised, and this should result in more rapid immune
reconstitution.

8.9. THE DILEMMA OF CMV INFECTION AND HSVTK SUICIDE GENES
CMV infection is of particular relevance in potential recipients of GM-T
cells encoding HSVTK. CMV infection in humans is usually a mild self-limiting
illness, but infection (or reactivation of infection) during HSCT can result in
life threatening complications. The serostatus of both the donor and recipient
are important, and non-related donor grafts carry the highest risks. Current
strategies

to

prevent

CMV

disease

in

HSCT

patients

involve

the

administration of prophylactic ACV/GCV, but the strategy is only partly
effective (Stocchi et al, 1999).

That the most influential parameter in

reducing the risk of CMV disease is the rapidity of T cell immune
reconstitution is illustrated by the success of adoptive transfer of CMV
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specific CTLs. Riddell’s group has pioneered the use of donor T cells specific
for CMV to aid anti-CMV immunity following transplantation (Riddell et al,
1992; Walter et al, 1995; Riddell & Greenberg, 1995). The reconstitution of
CMV immunity is governed by a complex relationship between CD4^ and
CDS'" donor CMV specific I

cells, the level of immunosuppression and

concomitant GVHD (Zaia et al, 2000). On the one hand it could be argued
that patients at high risk of CMV disease and eligible for GCV prophylaxis
therapy should be excluded from therapies using HSVTK based suicide
systems as infused GM-T cells would be rapidly eliminated. Alternatively, the
use of anti-viral agents such as Foscarnet could be considered in these
patients and the argument made that the early infusion of GM-T cells would
offer more rapid immune reconstitution and reduce the risk of CMV disease.

8.10. TRANSFER OF SUICIDE GENES TO VIRUS SPECIFIC CTLS
Virus specific CTLs to combat CMV and EBV infection can be
generated from donor peripheral blood lymphocytes and used to treat
patients following allogeneic HSCT (Papadopoulos et al, 1994; Rickinson &
Moss, 1997; Rooney etal. 1998; Peggs et al, 2001; 2002; Hague et al 2002).
GVHD may arise following the administration of allogeneic CTLs, and thus
these cells would be suitable candidates for suicide gene transfer. There was
no requirement for pre-activation of T cells as CTLs were already actively
dividing at the time of virus exposure. This approach has already been used
to selectively transduce EBV reactive CTLs with a retroviral construct similar
to those generated for this study (Koehne et al, 2000). Patients would not be
able to receive GCV as antiviral therapy following infusion of GM-T cells
bearing HSVTK, but alternative agents such as Foscarnet could be used.

8.11. ISSUES OF SAFETY AND THE CLINICAL USE OF GM-T CELLS
T cell suicide gene therapy is probably the safest form of viral gene
therapy that has reached clinical deployment. Cells are manipulated and
transduced ex-vivo and thus there is no direct administration of virus to the
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patient. Furthermore, the transduction of T cells is now performed using
filtered viral supernatant, and there should be no direct exposure to the
packaging cell line. However, there is a finite possibility that recombination
events within packaging cells could lead to the generation of replication
competent retrovirus (RCR) (Otto et al, 1994). In non-human primates helper
virus induced haematological malignancies in 3/10 animals undergoing
autologous transplantation with bone marrow that had been transduced with
RCRs (Vanin et ai, 1994). It has been postulated that insertional mutagenesis
was induced following multiple virus hits in an early haematopoietic
progenitor cell. Amphotropic murine retroviruses are inactivated by human
serum complement, and thus accidental inoculation with virus should not be
harmful (Coffin et ai, 1997). However, some engineered vectors that have
been pseudotyped with alternative envelopes (such as RD114) resist
complement

mediated

elimination

(Cosset et ai,

1995).

Thus,

it is

theoretically possible that virions could be passed onto patients following the
ex-vivo transduction of target cells, although this is highly unlikely in view of
the limited stability of the virus particles.
There is a remote possibility that a random integration event may
induce oncogenesis in the target T cells even in the absence of RCR. Such
findings have been very rarely observed in animal studies (Li et ai, 2002),
and in other studies the rate of transformation has been estimated to be no
higher than background rates of mutagenesis (Powell et ai, 1999).

The

inclusion of a suicide gene provides an inherent safety measure, as the
administration of prodrug would allow transformed cells to be eliminated.

8.12. ALTERNATIVE APPROACHES FOR GVHD PREVENTION IN
ALLOGENEIC TRANSPLANTATION
8.12.1. COSTIMULATORY BLOCKADE
T cells proliferate in response to two activation signals. The first is
triggered by recognition by the TCR of antigenic peptide in the context of
MHC. The second is not antigen specific and is delivered by costimulatory
ligands, expressed on the surface of antigen presenting cells, including
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members of the B7 family of molecules that interact with the CD28 receptor
molecule on T cells. Delivery of signal one, in the absence of co-stimulation,
results in T cell anergy {in vitro) or tolerance {in vivo). A fusion protein
(CTLA4-lg) comprising a soluble form of CTLA4 (which binds with high
affinity to B7 molecules) and human immunoglobulin has been used in
clinical studies to anergise histoincompatible bone marrow allografts (Sayegh
& Turka, 1998). The strategy involves the co-culture of donor marrow with
recipient mononuclear cells to induce allo-stimulation, but the presence of
CTL4-lg blocks co-stimulatory signals and renders allo-reactive populations
unresponsive. Infusion of donor marrow treated in this way has been shown
to reconstitute haematopoiesis in vivo with a relatively low risk of GVHD
(Guinan et ai, 1999). The patients treated were all considered to be high-risk
candidates for transplantation and unfortunately there was no clear overall
survival advantage. Although the feasibility of such an approach has been
demonstrated, important questions have yet to be addressed. The strength
and diversity of reconstitution as well as the durability of reconstitution have
yet to be determined, and the crucial issue of possible energisation to tumour
antigens or infective pathogens has to be evaluated.

8.12.2. DEPLETION OF ALLOREACTIVE T CELLS
Anti-host alloreactive T cells can be activated in vitro in a mixed
lymphocyte culture system that mimics the in vivo allo-activation of GVHD.
Reactive cells can be identified on the basis of activation molecules on their
cell surface such as CD25 and CD69. Removal of cells expressing such
molecules using antibodies has been proposed as a way of eliminating T
cells that may cause GVHD. The strategy has been shown to hold promise in
murine studies of mismatched haploidentical transplantation in which graft
rejection and graft failure were prevented (Cavazzana-Calvo at al, 1990). A
ricin conjugated immunotoxin specific for CD25 has been used to remove
allo-reactive T cells from donor T cell infusions given to patients following
allogeneic HSCT (Montagna at ai, 1999; Andre-Schmutz at al, 2002). There
was a variable degree of residual alloreactivity, but no cases of GVHD
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greater than grade II was reported in patients receiving up to 8x10^
allodepleted T cells/kg. Viral complications were detected in 6/15 patients
treated, but the kinetics of immune reconstitution were considered to be
improved compared to patients not receiving T cell infusions. Others have
proposed using anti-CD69 antibodies, with or without anti-CD25 antibodies in
similar systems (Fehse et al, 2000b). Residual alloreactivity of up to 20% has
been noted in secondary MLR cultures in some experiments, and this could
be sufficient to induce significant GVHD. The anti-leukaemic potential of allo
depleted cells and the impact of using such infusions on overall survival have
yet to be determined. It may be feasible to transduce cells following
allodepletion to encode a suicide gene mechanism as an additional safety
measure. In preliminary experiments (not presented here) I
readily

transduced

using

the

cells were

PG13-SFFV-HSVTKSR39/LNGFR

virus

following successful allodepletion using magnetic beads against CD25.
However, cells became exhausted when cultured in secondary MLR
reactions and the effectiveness of the strategy could not be fully assessed.

In summary, retroviral vectors based on a new generation of murine
hybrid constructs and encoding an enhanced mutant HSVTK suicide gene
were generated. The conditions for gene transfer into primary T cells were
optimized following initial testing on T cell and non T cell lines. Reliable levels
of gene transfer of between 25-50% were achieved following preactivation
with anti-CD3 and anti-CD28 antibodies and exposure to two rounds of virus
in retronectin coated plates. Enrichment of GM-T cells to over 95% purity was
possible using one round of magnetic bead selection. The process of
preactivation did not appear to alter the T cell Vp receptor repertoire, but
there were changes in subset and activation markers. The modified cells
were highly activated and continued to proliferate for several days in vitro,
and as a result functional assessment was difficult. Transduced cells were
prone to exhaustion and apotosis in experiments designed to generate CMV
specific CTLs.
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The superior suicide function of the mutant HSVTKSR39 in T cells at
low concentrations of GCV and AGV was established in vitro. The
demonstration of a similar superiority in vivo using a model of human T cell
engraftment in immunodeficient mice will require further work under re
defined endpoints.
The transduction of T cells without prior stimulation is the target of
forthcoming investigations. The incorporation of HSVTKSR39 into a lentiviral
vector system may offer the most effective T cell suicide gene system to
date,

and

would

be of use

in a wide

range

of

HSCT settings.
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