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ABSTRACT

Serine proteases are active participants in the process of cell-mediated killing. The
molecular basis of the transcriptional regulation of two cytotoxic T lymphocyte (CTL)-
specific serine protease genes, referred to as Cl1 and B 10, was investigated. A
transfection protocol was first adapted from the standard DEAE dextran method for the
introduction of exogenous DNA into the cytotoxic type I MTL2.8.2 cell line. A variety of
C11 and B10 5'-deletion/cat fusion constructs was then tested in different cell types in a
transient expression assay. Both C11 and B10 5'-flanking regions were shown to contain
sequences responsible for their CTL-specific expression. However, further analysis
revealed that this specificity is achieved through the combined action of many different
factors that bind to various target sequences. Distinct modulatory regions located within
the DNAsel hypersensitive sites of C11 and B10 were identified. While some effected an
up-regulation of the reporter cat gene expression, others had a negative effect on it. The
function of these elements always depended on their surrounding context. In addition,
some of the regulatory elements identified shared homology with known regulatory
sequences while others appeared to be novel motifs.

Transfection experiments performed in the presence of sodium butyrate, an inducer
of transcription, provided further evidence for the modular and distinct nature of the C11
and B10 5'-upstream sequences. Both C11-directed exogenous cat and C11 endogenous
gene expression were affected in a similar way following treatment of MTL2.8.2 cells with
butyrate. Likely, B10-driven cat and B10 endogenous gene expression showed the same
pattern of modulation. Butyrate-sensitive areas were identified in each gene but C11 was
particularly responsive to the agent. The locations of these sensitive areas were distinct for
C11 and B10 but always mapped within DNAse1 hypersensitive sites where the regulatory

regions were defined earlier. In addition, the identified responsive elements shared



homologies with previously described sequences capable of conferring butyrate-
responsiveness to heterologous promoters.

Preliminary DNAsel footprinting analyses indicated that the 5'-ends of C11 and
B10 have very different protection profiles. All these experiments suggest that although
B10 and C11 are members of the same yene family and share nucleotide and amino acid
sequence homologies, they appear to te regulated differently. They are targets for distinct
as well as common factors which participate in the formation of complexes that are

responsible for their CTL-specific and sequential expression.



ACKNOWLEDGEMENTS

I wish to acknowledge the contribution of many colleagues and close friends
without whom completion of the present work would have been a daunting task. First, I
would like 1o thank my supervisor, Dr. Chris Bleackley, for his enthusiasm which never
failed during the course of this work, his guidance (his advice and comments were always
constructive and greatly appreciated), and his kindness. I also wish to acknowledge my
husband Rémy for his understanding and support throughout my graduate studies. He
providing me with valuable scientific tips and was always willing to share his ideas and
knowledge about the project. I thank him for his patience and help during the course of the
preparation of this thesis.

Sincere thanks are extended to all members of the Bleackley and Paetkau
laboratories with whom I shared more than scientific endeavours. They have provided me
with an excellent working environment where laughter, music and good humor were
constant working companions. I am grateful to Brenda for sharing memories of Ottawa
and collaborating closely with me on the project. She was responsible for the DNAsel
footprint analysis. To Irene for maintaining the tissue cultured cells. Her constant good
humor and efficiency made my stay in tissue culture lab much more pleasant. To Cecilia
for her help with plasmid DNA mini-preparations and for not showing any sign of
boredom despite the routine work. To Nancy who kept the lab going like no other labs I
had the opportunity to work in before. To Ole for his assistance in the preparation of the
figures and his willingness to help at matters outside the research lab. To Eric for his
friendship and his interest in music. His various tapes made the long evenings and
weekends in the laboratory much more endurable. To John for his constant good humor
and advice. To Cheryl and Cindy for wonderful times spent in the Rockies and City Parks.
To Vern for sharing his computer expertise. To Rosemary, Cliff, Jonathan, Andreas,

Walter, Jan, Vida, Mike, Jenny and Jennifer for their support and friendship. To Mae for



her help in typing and sharing her knowledge of the computer. To Ella. Dora, Ann and
Sharon for their smiles and affection.

I am also greatful io Jeremy Levett from the Visual Communicatons Division in the
Department of Health and Welfare, Canada for antwork and illustrations appearing in the
introduction of this thesis and to BGM Photo Center, Ottawa, Ontario for photofinishing.

Finalement, j'aimerais remercier les membres de ma famille (Lucille, Judith,
Martine, Roch, Johanne et Héléne), mes beaux-parents Carmelle et Raymond ainsi que le
reste du groupe (Marc, Cyrille, Louise et Christine) qui m'ont encouragée pendant s cing
années et ont su agrémenter mes visites d'excellents repas et de souvenirs mémorables. Un
merci sincére 3 Héléne pour avoir accepté de dactylographier la liste des références de
l'introduction de cette thése et a Johanne pour m'avoir permis d'utiliser son ordinateur ainsi
que son télécopieur durant la rédaction de ce manuscrit.

I also wish to express my gratitude to the Medical Research Council of Canada, the
Alberta Heritage Foundation for Medical Research and the National Cancer Institute of

Canada for financial support throughout these years.



CHAPTER

TABLE OF CONTENTS

I. INTRODUCTION
A. AN OVERVIEW OF THE IMMUNE SYSTEM...............

I,
2.

3.

An intricate network of InteractionsS......ccovieviiiiiiiiiiiiiecneiininnes
Participants in an immune TeSPONSE......cociiiiiiiniiiieiiiiecieennnns

2.1 B cells and their origin.......cccooiiiiiiiiiiiiiii i,

2.2 T cell subsets and their origin.........c...cociiiviiiinniiiinn..

.3 MaCTOPRAZES. it e

2
2.4 Polymorphonuclear granulocytes...........oooiiiiiiiiianinne.
-

5 Natural Killer Cells. oottt ee e naaaes

1 ST D B VoA 6 2 72+ 1 0 10 ] o DU U U T TP

3.1 Antigen TECOZNILION....ooiiiiiiiiiiiiiiieiiiiii e eeaeee
3.2 Cell  activatioN..ioioiiieiii ittt e e e aneaes

B. MECHANISMS OF KILLING. ..o

1.

(9]

Common features of cell-mediated cytolysis models...................
1.1 Recognition of and binding to the target cell.......................
1.2 Reorganization of the internal organelles of the effector cell.....

1.3 Detachment of the effector cell from the target.....................
1.4 Target cell 1ysiS.iiiiiiiiiinn i

Delivery of the lethal hit..............

2.1 Granule-exocytosis model.........cooeiii

3]

Resistance of killer lymphocytes to their own cytolytic machinery...

Molecules associated with granules.......c...oo
4.1 Perforin. . . i e

4.2 Cytotoxic cell proteases or granule-localized proteases

(BrANZYIMES) . eieiiineiiiiiiimneieseiinananarerasasanscsseracanss
4.3 Proteoglycans/chondroitin sulfate A........ eereeeenea e eians

. Gene organization of CCPs and perforin.................ococoiie

.2 Alternative mechanisms of target cell lysis.......ccccccooininnnen.

o8]

34
39

39



6. Transcriptional regulation of CCPs and pertorin............... e 42

C. REGULATION OF GENE EXPRESSION........coocoiiiiiininn 44
1. General concepts of gene regulation in eukaryotes.............l. 44

1.1 Promoters and initiation of transcription..............oo.coeee. 45

1.2 Enhancers and modulation of transcription........................ 47

1.3 Silencers and modulation ot transcription.......................... 52

1.4 "Local" versus "general" regulation.................c 55

2. Regulation of gene expression in T cells.................... 62
2.1 Gene regulation during T cell differentiation...................... 62

2.2 Gene regulation during T cell activation...........ccceevieenn. 67

D. THESIS OBJECTIVES ..o e 77
BIBLIOGRAPH Y . e i 78

II. FACTORS INFLUENCING TRANSIENT EXPRESSION IN CYTOTOXIC
T CELLS FOLLOWING DEAE DEXTRAN-MEDIATED CENE TRANSFER

A. INTRODUGCTION . i e e 104
B. MATERIALS AND METHODS. ... 105
1. Cell lines and culture techniques.....ccooovoiiiiiiiiiiiiiinn., i05

2. Plasmids and their preparation................cccoiiiiiii 106

3. Transfection ProtoCols......cciiiiiiiiiiiiiiiiiiiiiiiiiiie 106
4. Cat ENZYME ASSAY.riuiriirenininnrnenetnrnteensarinrcrraaee e 108
S. Dot blot analysis......ooiiiiiiiiiiiiiii 109
6. Cell wviability....coooiiiiii 110
C. RESULTS AND DISCUSSION. ...ttt 110
1. Narrowing down the transfection strategies..........cccccceevrunnnnnn. 110

2. Opdmization of the basic DEAE dextran protocol for MTL2.8.2.... 113

a. Cell density. oo et e e 114

b. Amount of input DNA.......... 116

c. The concentration of DEAE dextran........c...ccccooiieninn 122

d. DNA adsorption: time and temperature.............cccoeeeeunnnn. 122

e. Permeabilization step: time and strength of shock............... 124

f.  Other chemical agents to improve wansfection efficiency........ 127

ga

Length of cell recovery after transfection.......................... 131



3. Comparison of the strength of the cytotoxic cell serine protease

BIBLIOGRAPHY

S'-flanking sequences with other viral and cellular regulatory
L o F G

..................................................................

APPENDIX TO CHAPTER i

A. INTRODUCTION

B. RESULTS AND DISCUSSION
1.

2.
3.
BIBLIOGRAPHY

ITII. TRANSCRIPTION OF TWO CYTOTOXIC CELL PROTEASE GENES
IS UNDER THE CONTROL OF DIFFERENT REGULATORY ELEMENTS

A. INTRODUCTION

B. MATERIALS AND METHODS
1.

2

a

3.
C. RESULTS
1.

t9

5.
D. DISCUSSION
BIBLIOGRAPHY

. Deletion analysis of 5'-flanking regions

Quiescent type [ T cell clones are amenabie to transfection by the
adapted DEAE dextran protocoi

Transfection of type I cells stimulated with antigen and IL2.........
Transfection of type I cells stimulated with PMA/dibutyryl cAMP..

..................................................................

............................................................

Cells and tissue culture

Plasmid construction

......................................................

Transfections and cat assays

.............................................

The 5'-tlanking regions of B10 and C11 control CTL- specific
transcription

...............................................................

................................

. The 5'-regions of B10 and C11 contain elements capable of

modulating the fos promoter

.............................................

. Tissue specificity of homologous versus heterologous promoters..

Do B10 and C11 regulatory regions work on the tk promoter?......

.................................................................

.................................................................

.....................................................

143
143
143

144
146

150

151

152
152
153
154

156

156
158

161
165
167
167
177

180



IV. TWO CYTOTOXIC T CELL-SPECIFIC SERINE PROTEASE GENES
HAVE DISTINCT SODIUM BUTYRATE-INDUCIBLE ELEMENTS
WITHIN THEIR UPSTREAM FLANKING REGIONS

A. INTRODUCTION

............................................................ 182
B. MATERIALS AND METHODS. ... 183
1. Cell lines and tissue culture..............oo L 183
2. Plasmid CONSITUCHION. . ooiiii i 184
3. Transfections and cat asSAYS..ccooociiiiimimiiiniiiiiiiieeaeen.. iR7
4. Preparation of RNA and Northern blots............................... 187
5. Dot blot analysis. .o 188
G RESU L T S e e 188

1. Effect of sodium butyrate on transfected C11 and B10-driven
cat gene expression in MTL2.8.2 cells........... 188

2. Fffect of sodium butyrate on the level of endogenous C11 and
B10 gene expression in MTL2.8.2 cytotoxic T cells................ 190

3. The 5'-flanking regions of C11 and B10 can confer butyrate-
responsiveness to heterologous pPromoters.............c...ccooeeeen.. 193

4. Mapping butyrate-responsive sequences within C11 and B10
S-flanKiIng T gIOMS i 198

5. C11 and B10O 5'-flanking regions have different butyrate-sensitivity

when placed within heterologous promoter contexts................. 195
D, DISCU S SION e e 200
BIBLOGRAPHY .. 212
V. GENERAL DISCUSSION AND CONCLUSIONS.............. 217

BIBLIOGRAPHY ... 236



1.1

.2

I1.3

11.4

1.1
1.2

(TTA.1

V.1
IvV.2

V.3

LIST OF TABLES

A summary of the CT L-specific protease genes and the proteins
they encode.. ..o

Homolcgies between the known CTL-specific serine protease
geres and PrOTEIMS. ..ottt

Modulatory effects of sodium butyrate on endogenous and
exogenous genes in a variety of cell types/lines................cc.c.....

An overview of T lymphocyte activation molecules.....................

Comparison of transfection efficiencies in MTL2.8.2 cells using
various gene transfer SIrategies..........ooooeiiiiiiiiiiiiiiieiiiiii.

Levels of transient cat gene expression in MTL2.8.2 cytotoxic T
cells following different adsorption regimens.........ccoceeeiieeiinnnnne

Effects of chloroquine diphosphate on levels of cat activity in
MTL2.8.2 CellS it e s

Comparison of strengths of B10 and C11 serine protease 5'-flanking
sequences with those of other viral and cellular regulatory regions....

Summary of the B10 and C11 5'-end-containing plasmids.............

5'-flanking regions of B10 and C11 genes stimulate different
promoters differently...........o

Comparison of the levels of cat activity obtained from the c-fos/cat
constructs containing the 5'-flanking fragments of C11 and B10
in the sense ("A") or antisense ("B") onentation..........................

Summary of the C11 and B10 5-end-containing plasmids..............

Differential butyrate-sensitivity of the 5'-flanking regions of C11 and
B10 when placed in front of different promoters......................c.

Homologies between the 5'-upstream sequences of C11 and known
regulatory elements.......oooiiiiiiiiiiiii e

Homologies between the 5'-upstream sequeiices of B10 and known
regulatory elements.......oiiiiiiiiiiiii

Effects of sodium butyrate on the levels of cat activity driven by the
fos promoter in the presence of C11 or B10 5'-flanking sequences in
antigen-stimulated type I cells........oiiii

Page

36

41

60
70

i1t

125

129

180
185



I.1

1.6

IT.1

I1.4

I1.5

II.6

I1.7

ITA.1

ITA.2

ITA.3

LIST OF FIGURES

Origin of the cellular components of the immune system............
The basic structures of a typical andbody (immunoglobulin G) and
T cell receptor molecules

A diagrammatic representation of the trimolecular complex formed
upon antigen recognition by T killer lymphocytes.....................

A model of signal transduction pathways during antigen-mediated
T cell activatloN.....ooiiiiiiii it
Network of interactions between the cellular components of the
1808000811 s TS AN 13 + « PP
Granule exocytosis or pore formation model of lymphocyte-
mediated killing......o i
Degree of competence of MTL2.8.2 cells in relation to ume since
last passage in Il 2. ...
Levels of cat activity in MTL2.8.2 cells wransfected with increasing
amounts of pRSVcat with and without a DMSO shock...............
Determination of the number of pRSVcat copies in MTL2.8.2 cells
transfected with 500 pg/ml DEAE dextran and increasing amounts
of DNA

......................................................................

Determination of the optimal concentration of DEAE dextran for
transtfection into MTL2.8.2 cells.........o
Assay of cat activity following ransfection of pRSVcat into
MTL2.8.2 cells subjected to different DMSO shocks.................
Effects of sodium butyrate on transient cat gene expression in
MTL2.8.2 Cellsiiii i e
Determination of the optimal peak of transient cat expression
driven by RSV in MTL2.8.2 cells.....cc.ooiiiiiiiiiiiii.
Levels of RSV-directed cat activity in three independent. iescent
type I T cell clones using the adapted DEAE dextran protocol.......
Levels of cat activity in type I T cell clone 85 following stimulation
with antigen and IL2.. ... .
Levels of cat activity in type I T cell clone 85 following PMA/
dibutyryl cAMP stimulation and different adsorption times

..........

Page

15

19

19
(98]

115

117

126

130

132

145

147

149



[1.1

1.2
1.3

1.4

IS5

II1.6

IV.1

IV.2

IvV.3

IvV.4

IV.5

IV.6

Iv.7

IV.8

V.1

Cell-specific transcriptional regulation of B10 and C11 5'-flanking
T8 L0 o g P

Deletion analysis of B10 and C11 5'-flanking regions................

Stimulation and repression of transcription by the 5'-flanking
sequences of B10 and C11 genes on the fos promoter................

Cell-specific regulation conferred by 5'-flanking sequence of B10
and C11 upstream TeEIOMS....ciiiiiiiiiiiiriiareieieieeieraeeenaees

Stimulatory and suppressing activity of 5'-flanking regions of B10
and C11 genes on the thymidine kinase promoter...........cc........

Summary of cis-acting regulatory elements in the 5'-flanking
regions of B10 and Cl1 genes......coooiiiiiiiiiiiiiinin

The B10 and C11 5'-flanking regions showing the restriction
endonuclease sites used to generate the various constructs presented

Effect of sodium butyrate on C11- and B10-directed cat activity....

Determination of the number of copies of pC11 896cat and
pB10 1080cat plasmids introduced into MTL2.8.2 cells by
ITANS @ CTION. ittt e ra e aaeeenes

Densitometry plots of the steady-state level of endogenous mRNA
tor C11 and B10 serine protease genes following sodium butyrate
18 071201 11 | SO OO

Effect of sodium butyrate on B10/ and C11/cat fusion constructs
in MTL2.8.2 cytotoxic T cells....oooiiiiiiiaes

Butyrate-responsiveness of the c-fos promoter conferred by B10
and Cl1 5'-upstream SEQUENCES.....ccceiiimriieniimieinrineneienannes

Summary of the butyrate-responsive elements mapped within the
B10 and C11 5'-upstream regions and their relation to the cis-acting
regulatory elements defined by Frégeau and Bleackley (1991).......

Homologies between HIV-1 3'-LTR butyrate-responsive sequences
and those of Cl1 and B10 5'-flanking regions..........cccceeeeueeenn.

Diagram of the preliminary DNAsel protected footprints detected
in the 5'-flanking regions of B10 and C11 serine protease genes....

Model of transcriptional activation for the C11 gene..................

157
160

163

166

169

175

186

189

191

192

197

199

205

209

225
233



ADCC:
AGP7:
AP1:

APC:
APRT:
ATP:
bp:

Ca or Cf:

C3:

C3b:
C3R:
cAMP:
CAP37:

cat:

CCAAT box:

CCPs:

CD2, 3, 4, 8, 16, 28, 56:

cDNA:

C/EBP:

ABBREVIATIONS

antibody-dependent cellular cytotoxicity

azurophil granule protein 7

activator protein-1, member of the jun-related protein family
that binds to the sequence TGATCATCA in eukaryotes and
is actvated by phorbol esters

activator protein-2 which mediates transcripti “nal activation
in response to two signal transduction pathways: those
involving protein kinase C and A.

antigen presenting cell

adenine phosphoribosyltransferase

adenosine triphosphate

base-pairs

constant gene segments of immunoglobulin or T cell
receptor alpha or beta chain genes

complement component C3

late complement component C9

digestion product of complement protease C3

complement C3 receptor

cyclic adenosine moncphosphate

cationic antimicrobial protein of 37 kilodaltons
chloramphenicol acetyltransferase

eukaryotic gene promoter element with the consensus
sequence GGt/cCAATG located ~70 bp upstream from the
transcription stexrt (+1)

cytotoxic cell proteases

cluster of differentiaton (T cell surface markers)

complementary DNA; DNA which has been copied from
messenger RNA using the enzyme reverse transcriptase

CCAAT /enhancer binding protein



CHO:
CLE1,2:

COnA:

DAG:
DCR:
DEAE:

ER:
Ets-1:

Fc fragment:

GO, G1:

Chinese hamster ovary cells
conserved lymphokine element 1,2

concanavalin A; a plant lectin which is capable of
stimulating T cells to proliferate and differentiate

cellular retinoic acid binding protein
cAMP responsive element

cAMP responsive element binding protein
CCAAT-binding transcription factor
cytotoxic T lymphocytes

connective tssue mast cell

diversity gene segments of immunoglobulin heavy chain or
T cell receptor beta chain locus

diacylglycerol

dominant control region
diethylaminoethyl
diisopropylfluorophosphate
dihydrofolate reauctase
dimethyl sulfoxide
deoxyribonucleic acid
deoxyribonuclease 1
ethylenediamine tetraacetic acid

ethyleneglycol-bis-(beta-aminoethylether)n,n,n’.n’'-
tetraacetc acid

endoplasmic reticulum

eukaryotic nuclear protein with amino acid homology to the
product encoded by the avian E26 leukermia v-ets oncogene

parts of immunoglobulin which have sites for activation of
complement and for the binding of immunoglobulin to
macrophages and polymorphonuclear granulocytes

phases of the cell cycle; GO: cell division phase, G1: period
between cell division and the start of DNA synthesis



Gal4/gal80:

GC box:

G-CSF:

GM-CSF:

GR:
GRE:
GRP:
HF:
HIV-1:
HMG:
HSF:
HSP70:
HSV tk:
ICAM-1:
IDDM:
Ig, 1gG:
IgH:
IxB:
IL1, 2, 6:
IL2R:
IP3:

kb:

kbp:
kDa:
LAK:
Ick:

ranscriptional activator (gald) and repressor (gal80) of

genes required for galactose catabolism in the yeast

A GGGCGQG repeating element found in the promoter of

many genes

granulocyte colony stimulatng factor
granulocyte-macrophage colony stimulating factor
glucocorticoid receptor

glucocorticoid response element
glucose-regulated proteins

Hanukah factor; alternative protein name for granzyme A
human immunodeficiency virus type 1
high-mobility-group

heat shock factor

h:at shock protein of 70 kilodaltons

herpes virus thymidine kinase

intercellular adhesion molecule-1
insulin-dependent diabetes mellitus
immunoglobulin, 5 classes IgG, A, M, D, E
immunoglobulin heavy chain

inhibitor associated with NFxB transcription factor
interleukins 1,2 and 6

interleukin 2 receptor

inositoltriphosphate

kilobases

kilobase pairs

kilodaltons

lymphokine-activated killer cells

lymphoid cell kinase



[LCMYV:
LFA-1, 3:
LGL:

LT:

LTR:

MCS:
mdr-1:

MHC:

MMCP-1, 2, 4:

MMTV:
MoMSV:
mRNA:
MT-1:
MTOC:
NFAT-1:
NFIL2A:
NFxB:
NK:
NKCEF:
NOD:
Oct-1, 2:
PRS:
PCRP:

pCTL:
PEG:
PI:

lymphocytic choriomeningits virus
lymphocyte function-associated protein 1 or 3
large granular lymphocytes

lymphotoxin

long terminal repeat; a segment of DNA which is repeated at
each end of the proviral form of a retrovirus

nultiple cloning site

multdrug resistance- 1

major histocompatibility complex
mucosal mast cell protease 1, 2, or 4
MOouse mammary tumeor virus
mouse Moloney sarcoma virus
messenger RNA

metallothionein-1
microtubule-organizing center
nuclear factor of activated T cells-1
nuclear factor IL2 A

nuclear factor kappa B

natural killer cells

natural killer cytotoxic factor
nonobese diabetic mice

octamer binding protein-1, or 2
phosphate buffered saline pH 7.2

phosphorylcholine, calcium-dependent receptor molecule
for the lymphocyte perforin

precursor cytotoxic T lymphocyte
polyethylene glycol
phosphatidylinositol



PMA:

PMSEF:

poly(A):
RHFM:

RMCPI, II:

RSV:
SAR:
snRNAs:
SP1:

SV2, 40:
TAT:

TATA box:

TCR:
TCR/CD3:

TFIIA 1o F:

TGFp or a:

TNE:
TNFao:
TNFp:
TPA:

TRE:

phorbol-12-myristate- 1 3-acetate: a phorbol diester
compound capable of acting as a tumor promoting agent

phenylmethylsulfonylfluoride
polyadenylation signal or tail

tssue culture medium containing RPMI 1640, hepes buffer,
fetal calf serum and B-mercaptoethanol

rat mast cell protease I, or 11

Rous sarcoma virus; DNA tumor virus
scaffold attachment regions

small nucleat RNAs

transcriptional factor that binds to the GC boxes of the
SV40 early promoter

Simian sarcoma virus 2, and 40; DNA tumor virus
tyrosine aminotransferase

eukaryotic gene promoter element with the consensus
sequence TATAAA located 20 to 30 bp upstream from the
transcription start site (+1)

T cell antigen-specific receptor
T cell receptor associated with the CD3 complex

RNA polymerase II TATA box-binding transcription factors
AwF

transforming growth factor beta or alpha
tumor necrosis factor

tumor necrosis factor alpha or TNF
tumor necrosis factor beta or lymphotoxin

12-O-tetradecanoy! phorbol-13-acetate, more commonly
referred to as PMA

TPA responsive element



CHAPTER 1

INTRODUCTIOCN

The present thesis centers on the mechanism of action of cytotoxic T lymphocytes
(CTLs). Specifically, the work described focuses on the regulation of expression of two
members of the family of CTL-specific proteases that are secreted during an encounter with
a cellular invader. The goals of the introductory chapter are three fold: 1) to familiarize the
reader with the various cellular components of the immune system, 2) to present a critical
review of the more recent models of cell-mediated cytolysis and 3) to discuss current
concepts in eukaryotic gene regulation and how such regulatory mechanisms impact on T

cell development and activation.

A. AN OVERVIEW OF THE IMMUNE SYSTEM

1. An intricate network of interactions

Lymphocytes are active participants in the process of immunosurveillance. They
protect an individual throughout its life from a myriad of foreign substances such as viruses,
bacteria, fungi, parasites and even the body's own cells which have acquired foreign
characteristics due to infection or malignant transformation. They do so by accurately and
specifically recognizing non-self molecules, also termed antigens (structures of foreign
origin capable of inducing an immune reaction), and destroying them. These specialized
cells achieve their full protective potential through collaboration with less specialized cells in
the body through direct cell-cell contact or indirectly via secreted factors. An elaborate
communication system is in place between the various components of the immune system so
the right decision is made upon encounter with an antigen to obtain full protection and allow
the species to survive and to be preserved. Unlike the primitive immune system of lower

animals, the vertebrate immune system exhibits memory; thus the system offers a long term



protection by remembering the antigen encountered and responding faster and more
efficiently upon reexposure. The past decade has provided exciting information on this

complex set of interactions and the roles and mechanisms of action of some of the key

players.

2. Participants in an imm respon

The mammalian immune system can be separated into two branches, the antibody-
mediated or humoral immunity and cell-mediated immunity (Figure I1.1). B lymphocytes
(producers of antibodies) mediate humoral immunity and they interact with antigens via
specific immunogiobulin (Ig) receptors (Blackwell and Alt, 1988). T lymphocytes are
responsible for cellular immunity and bind to antigens on cell surfaces via specific T cell
receptors (TCR) (Davis, 1988). Antigens recognized by T cells are processed so that the
determinant contacted by the T cell antigen receptor is only a small fragment of the original
antigen presented in association with major histocompatibility complex (MHC) molecules
(discussed in detail in section A.3).

Both the B and T cell antigen receptors have distinct structures (Figure 1.2). The Ig
receptors (and antibody molecules) are comprised of two identical light (L) and two identical
heavy (H) polypeptide chains joined by disulph:ic bonds. There are two types of light
chains, kappa (x) and lambda (A). At the amino termini of H and L chains are regions of
highly variable amino acid sequence (V regions) that are paired with each other to form the
site which binds antigen. The constant region of the H chains, from which the Fc fragment
is derived, triggers effector functions such as complement fixation. It also represents the
feature that distinguishes each of the five classes of immunoglobulins (IgG, IgA, IgM, 1gD
and IgE) which are comprised of the heavy chains v, o, {4, © and ¢, respectively. The Ig
receptors are usually referred to as B cell antigen receptors i.e. receptor proteins with
antibody activity. Antibodies, on the other h:nd, correspond to the secreted

immunoglobulins that combine with antige.. .n solution. The TCRs are



FIGURE 1.1 Origin of the cellular components of the immune system. All cellular
participants are derived from pluripotent stem cells that originate from the bone marrow.
These stem cells give rise to two lineage-specific progenitor cells which in turn generate
myeloid and lymphoid precursors which, under the influence of protein signals, develop
step by step into a mature cell type. Polymorphonuclear granulocytes and monocytes
originate from the myeloid progenitor cells while B, T and NK cells derive from the
lymphoid stem cells. Differentiation of B cells takes place in the bone marrow and that of T
cells into T killer, T helper and T suppressor subsets in the thymus. B cells are the
producers of antibodies and as such are involved in humoral immunity. T killer
lymphecytes destroy cellular invaders and are referred to as the effectors of the immune
system. T helper and T suppressor cells control or regulate immune responses and are seen
as the regulators. The three T cell subsets comprise cellular immunity.
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FIGURE 1.2 The basic structures of a typical antibody (immunoglobulin G) and T cell
receptor molecules. A. The amino terminal end of IgG is characterized by sequence
variability (V) in both the heavy (H) and light (L) chains which are referred to as the VH
and VL regions respectively. The rest of the molecule has a relatively constant (C)
structure. The constant portion of the light chain is termed the CJ. region. The constant
domain of the heavy chain is further divided into three structurally discrete regions: C1, C2
and C3. These globular regions, which are stabilized by intrachain disulphide onds, are
referred to as "domains". The sites at which the antibody binds antigen are located in the
variable domains. The hinge region designated H allows changes in the distance between
the two antigen binding sites and permits them to operate independently. B. The antigen-
specific T cell receptor most commonly found (in 95% of T cells) is a disulphide-linked
heterodimeric glycoprotein comprised of an a and a B chain. Antigens bind to the variable
domains of a and B polypeptides at the amino terminus of the molecule represented by Va
and V. In the membrane of a T cell, the T cell receptor is closely associated with the CD3
d. 7. ¢ an?3 { molecules. On some T cells, the T cell receptor y and d chains replace thuse
of a and P.
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heterodimers comprised of o and f or v and O glycoprotein chains linked via disulphide
bonds and closely associated with other molecules (known collectively as CD3). As in the
Ig polypeptides, the amino termini of the TCR chains are polymorphic and responsible for
binding anagens.

Both the Ig receptors and TCRs are made up of polypeptides that are encoded by a
large genetic locus which features variable (V), diversity (D), joining (J) and constant (C)
gene segments that are rearranged during lymphocyte differentiation. The incredible
diversity of Ig receptors and TCRs arises from the random utilisation of a large number of
germline V, D, and J gene segments, from the junctional variation (insertion and/or deletion
of nucleotides) generated between VD, DJ or VI gene segments during the joining process
and from the random association of o and P or y and 8 chains to give the final products. B
and T lymphocytes which represent the major participants in an immune response are

described here along with other important cellular components.

2.1 B cells and their origin

B cells or antibody-forming cells derive from immature precursors in the bone
marrow through a process of antigen-independent maturation. It is during their
differentiation that lymphocytes become committed to bind antigen through rearrangement
and expression of antigen-specific immunoglobulin receptor genes (Warner et al., 1974,
Tonegawa et al., 1983). Following these critical events, mature B cells migrate to various
lymphoid organs where they are found in clusters called lymphoid follicles. These mature B
cells differentiate to antibody-secreting cells called plasma cells upon interaction with
cognate antigen via their Ig receptor and influenced by the presence of factors produced by
macrophages or T cells. Plasma cells secrete antibedies with the same specificity for antigen
as that found in the receptor of the B cell from which it derived. Each B cell reacts with a

unique antigenic determinant, i.e. all the receptors on a B cell are monospecific. The



secreted antibodies enter the blocd and other fluids of the body to detend against soluble

factors produced by bacterial or viral infections.

2.2 T cell subsets and their origin

T cells arise from pluripotent stem cells located in the bone marrow (Ford et al.,
1966). These T cell precursors then migrate to the thymus where they mature and
differentiate into functonal T cells (T helper, '! «iller and T suppressor: see below) (Scollay
et al., 1984). It is during this maturational step that rearrangement and expression of genes
encoding the antigen receptor takes place. The majority of the mature T cell population is
comprised of cells expressing the o/f heterodimeric receptors and 1-5% expressing the y/0
TCR genes (Pardoll et al.,, 1987, Strominger, 1989). Following rearrangement of the
antigen receptor genes, T cells are subject to selective mechanisms that lead to the survival of
cells able to respond to foreign antigen and the death or inactivation of cells recognizing self-
antigen {Scollay et al., 1980, Davis, 1990).

After these critical events, the T lymphocytes leave the thymus and migrate to the
secondary lymphoid organs where they remain quiescent until they come into contact with
their cognate antigen. Upon interaction with antigen, they are driven through the final steps

of maturation and acquire immunologic functions.

2.2.1 Helper T cells

When the body is under attack helper T cells sound the alarm. As their name
implies, they regulate or help other cells of the immune system: B cells to secrete antibody
and cytotoxic T cells to become functional. Stimulated helper T cells release glycoproteins
known as lymphokines that have profound effects on other cells, including the lymphocytes
themselves. Some factors result in the recruitment of other cellular components to the site of
attack and in their activation, regulation and deactivation (reviewed in Mosmann and

Coffman, 1989). Helper T cells usually express the CD4 glycoprotein on their cell surface.



This molecule interacts with class II MHC glycoproteins found on the surface of a limited
number of specialized cells termed antigen-presenting cells (B cells, macrophages). Helper
T cells are able to recognize antigens only in association with class II MHC inolecules and

thus are said to be class ii MHC-restricted.

2.2.2 Cytotoxic T cells

These cells represent the most specific weapon available to the immune system for
the eradication of virus-infected and tumor cells. In addition, they are directly involved in
the rejection of grafts during the course of unsuccessful transplantations (reviewed in
Nabholz and MacDonald, 1983 and Colvin, 1990). CTLs are generated within 4 to 9 days
after viral infection. By 14 days there is a decrease in their activity, but they then maintain a
state of immunological memory and readily become reactivated in response to reinfection by
the same virus. CTLs play a dual role: 1) they bind to abnormal or virus-infected cells,
destroy them and stop the production and spread of new viral particles 2) following their
interaction with the abnormal or virus-infected cells, they secrete interferon-y which
stimulates the production of activated macrophages. Interferon-y also induces a state of
antiviral activity in the cells of the host (Pasternack, 1988, Colvin, 1990). The majority of
killer T cells are CD8* and thus recognize antigens in association with class I MHC
molecules that are found on most cells in the body. Their activation and mechanism of

action are discussed in section B.

2.2.3 Suppressor T cells

These cells function to limit and terminate the responses of other lymphocytes. They
are particularly important in tuning down the immune response when the battle is over
(Ferguson et al., 1988). They are stimulated concurrently with the appearance of helper T
cells and the uevelopment of the response to antigen. Suppressor T cells with specificity for

T cells, B cells, and even antigen-presenting cells have been reported (Horvat et al., 1989).
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Although several putative suppressor lvmphokines have been identified and partially
characterized (Ferguson et al., 1988), the mechanism(s) of action of the suppressor T cells

remain(s) to be determined. Clearly these cells could potentially play a dominant role in

regulation of immune response.

2.3 Macrophages

Macrophages or mononuclear phagocytes are derived from myeloid precursors found
in the bone marrow (Figure I.1). These precursors, the promonocytes. enter the blood and
become monocytes which circulate for a day or two before migrating randomly to different
tissues where they mature to macrophages (Abramson et al., 1977). These highly
phagocytic cells are widely distributed throughout the body in blood, bone marrow, liver,
lymphoid tissue, connective tissue and nervous tissue. They form an important part of the
defense mechanism by removing microorganisms through phagocytosis (the process by
which particulate materials are bound and engulfed) and pinocytosis (a process whereby
soluble molecules are taken up) (reviewed in Unanue and Allen, 1987). Macrophages
swallow a wide variety of antigens via specific cell surface receptors Fc and C3 which
recognize materials coated with antibodies and complement, respectively. The Fc receptors
bind specifically to the heavy chain of IgG (Unkeless et al., 1981). The C3 receptor
recognizes C3b protein from the complement (Rabellino et al., 1978). Macrophages also
contain numerous lysosomes and endocytic vesicles. The lysosomes contain a large variety
of lytic enzymes with specificity for proteins, polysaccharides, lipids and nucleic acids
which make the process of intracellular digestion extremely efficient. The action of the
activated macrophage is non-specific; that is to say, the macrophage will inactivate bacteria
or virus regardless of the organism that induced the infection.

Besides the functions of pinocytosis, phagocytosis and intracellular digestion, the
phagocytes are active secretory cells that synthesize and secrete a large number of materials

(Unanue, 1976, Unanue and Allen, 1987). Among these are enzymes capable of affecting
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extracellular proteins (plasminogen activators, collagenase, elastase, lvsosomal proteases),
products involved in defense processes (lysoscme, complement proteins, interferon-a) and
factors capable of modulating the function of surrounding cells (interleukin-1 (IL1), IL6 and
tumor necrosis factor (TNF)), or growth factors stimulating the proliferation of specific
types of cells (granulocyte-colony stimulating factor (G-CSF), granulocyte macrophage-
colony stirnulating factor (GM-CSF) and transforming growth factor B (TG¥B)). The range
of secretory products of phagocytes attests to their obvious imporiunce 1n defense
mechanisms. They provide to both B and T cells the extracellular signals requircd for their

functional activation.

2.4 Polymorphonuclear granulocytes

Neutrophils, eosinophils, tasophils and mast cells derive from myeloid precursors
found in the bone marrow (Figure 1.1). They all participate in the inflammatory response
mediated by antibodies and complement (Gleich and Adolphson, 1986, Weiss, 1989,
Gordon et al., 1990). None of these cells show specificity for antigens but are still crucial
for the eradication of microorganisms. The predominant role of polymorphs is
phagocytosis. They have receptors for Fc fragments of IgG or IgE and for C3b, which
enable them to engulf opsonized (antibody-coated or complement-coated) organisms. They
also contain primary, azurophilic granules rich in myeloperoxidase. This enzyme, together
with hydrogen peroxide generated during the respiratory burst that takes place after
phagocytosis, are involved in oxidative mechanisms responsible for bacterial killing
(Bentwood and Henson, 1980).

Besides their involvement in phagocytosis, the granulocytes also play more
specialized roles. They are frequent cellular components in allergic reactions and are
implicated in defense against parasites (Gleich and Adolphson, 1986, Gordon et al., 1990).
The interaction of parasite or allergen (such as pollen) with effector cells (eosinophils,

basophils or mast cells) via the Fc receptors induces their degranulation which results in the
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release of some very basic proteins (in the case of eosinophils) that are lethal for the
parasites and in the release of heparin, serine proteases and mediators of anaphylaxis (in the
case of basophils and mast cells) which cause symptoms of allergy but also play a role in
immunity against the microorganisms. This type of reaction is the only way that these cells
can use their "granule armament” against large targets which cannot be phagocytosed.
Eosiniophils also release histaminase and aryl sulphatase which inactivate the mast cell
products histamine and slow reactive substances of anaphylaxis, respectively. They in a

sense regulate the inflammatory response by limiting the granulocyte migration into the site

of invasion.

2.5 Natural killer cells

Like CTLs, natural killer (NK) cclls have the ability to destroy tumor cells in vitro
and in vivo (Trinchieri, 1989, Lotzova, 1990). Studies in a number of different laboratories
suggest that IL2-in vitro stimulated NK cells are responsible for the lymphokine-activated
killer (LAK) phenomenon observed in tumor-bearing hosts in which solid tumors are
prevented from metastasizing (Rosenberg, 1988, Lotzova and Herberman, 1987). NK cells
can be easily identified morphologically as large granular lymphocytes (LGL) with CD3-,
CD16%, CD56% cell surface phenotype. This characteristic combination of surface
differentiation antigens serve to define them as a discrete and homogeneous leukocyte subset
distinct from both B and T cells and myelomonocytic cells. NK cells are quite broadly
distributed in different tissue compartments, which include peripheral blood, spleen, liver,
lungs, peritoneal cavity and intestine-associated tissues. NK cells unlike CTLs, are not
MHC-restricted and therefore are capable of lysing a variety of targets. They possess
receptors for the Fc fragment of immunoglobulin and can thus recognize and kill cells coated
with antibodies. This antibody-dependent cell cytotoxicity (ADCC) is also a property of

macrophages and granulocytes in addition to NK cells.
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NK cells can also bind and kill some tumor or virus-infected cells in the absence of
antibody through a process involving degranulation (Carpén and Saksela, 1988, Atkinson et
al., 1990). The molecular basis of the binding and recognition by NK as well as their
mechanism of killing will be discussed in detail in section B. As potent mediators of both
spontaneous and antibody-dependent cytotoxicity and as key players in the elimination of

malignant-tumor cells, NK cells appear to complement the antigen-specific CTLs.

3. T cell gctivation
The actvation of T cells from their quiescent or resting state can be divided into two
steps: 1) antigen recognition and 2) cell proliferation and establishment of effector function.

These last two steps are intimately linked and are rarely presented as two separate stages.

3.1 Antigen recognition

The antigen-specific T cell receptor (TCR) and the major histocompatibility complex
(MHC) glycoproteins are the key elements of specificity in the T cell response to foreign
antigens (Townsend and Bodmer, 1989, Kumar et al., 1989). TCRs recognize short, linear
peptide determinants of 10-20 amino acids, the generation of which usually requires
unfolding and proteolytic fragmentation (processing) of the antigenic protein. In addition,
this antigenic peptide must be bound by an MHC glycoprotein and it is this complex of
MHC molecule plus peptide that forms the structure recognized by the TCR. MHC
glycoproteins are thus peptide-binding proteins, and can be considered as antigen-presenting
molecules (Bjorkman and Parham, 1990).

The structure of class I MHC molecules consist of one glycosylated polypeptide
chain (45 kDa) noncovalently associated with a nonglycosylated peptide termed B2-
microglobulin (12 kDa) (Figure 1.3). The MHC-encoded chain has three globular domains
(termed al, o2 and a3). The a3 domain is conserved and is closely associated with the

non-MHC-encoded peptide B2-microglobulin. X-ray crystallographic studies have



FIGURE 1.3 A diagrammatic representation of the trimolecular complex formed upon
antigen recognition by T killer lymphocytes. T killer cells recognize antigens only in
association with MHC class I molecules. The polymorphic domains of the T cell receptor
(Va and V) contact antigens bound within the groove made from the a1 and a2 variable
domains of MHC class I. Ca and CP represent constant regions of the T cell receptor. al,
02, a3 and B2 show the three o chain regions and B2-microglobulin of the class I MHC
complex. The CD3 v, d, € and { glycoproteins that are closely associated with the T cell
receptor are also shown.
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demonstrated that al and a2 domains constitute a "platform” that consists of an eight-
stranded [-pleated sheet topped by two long a-helices that lie diagonally across the sheet.
Several lines of evidence suggest that the binding site for antigenic peptides is a deep groove
located between the two long a-helices (Bjorkman and Parham, 1990). Because of the
depth of the binding site, one side of a peptide bound to MHC would always be easily
accessible to a TCR (Davis, 1990, Bjorkman and Parham, 1990). Thus, antigen-
recognition by a TCR implies making direct contact with side chain atoms trom the MHC
molecule as well as the peptide. The detail of the recognition process are still unclear
however modelling experiments have suggested that antigen recugnition by TCR is similar
to that described for antibodies. Basically, the TCR variable domains fold into tertiary
structures similar to antibody V regions which form a groove where the antigen can bind
(Figure 1.3). The limited diversity in specific regions on TCR Va and VP contacts the side
chains of the MHC «a-helices, leaving the centrally located and very diverse regions of Va
and VP to interact with the peptide. Like the antigen-antibody complex, a better
understanding of the recognition process will come after the analysis of crystal structures of
a specific TCR alone or as a complex with its peptide-MHC ligand.

Recent data have provided convincing evidence that CD4 and CD8 are MHC
receptors with CD4 specifically able to bind class II molecules (Doyle and Strominger,
1987) and CD8 directed to class I MHC molecules (Normant et al., 1988). How this is
accomplished is not certain however it is clear that the presence of CD4 or CD8 allows the
recognition process to proceed more efficiently by increasing the avidity with which a T cell
binds to its antigen-bearing cell (Gabert et al., 1987, Sleckman et al., 1987). CD4 and CD8
may also promote the interaction of the TCR with its appropriate antigen. Other accessory
molecules such as CD2 have been identified through the use of monoclonal antibodies which

participate in increasing intercellular adhesion (Bierer et al., 1989).
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3.2 Cell activation

For both helper T cells and killer T cells, the /B heterodimeric receptor is
assembled and expressed together with four distinct CD3 molecules, namely 7, S, e and {
(Davis, 1990). In.craction between the TCR/CD3 complex and antigen associated with an
MHC product on the antigen-presenting cell initiates transmembrane signalling by
activating phospholipase C which hydrolyzes the membrane component phosphatidyl 4,5-
bisphosphate (PIP2) into inositol triphosphate (IP3) and diacylglycerol (DAG) (Figure
1.4). IP3 causes the release of calcium ions from intracellular stores, resulting in a transient
rise in cytosolic calcium (Ca2+). The ions bind to calmodulin, and the calcium-calmodulin
complex activates protein kinases which phosphorylate cytosolic proteins (such as IxB,
inhibitor of the transcription factor NFxB). This phosphorylation step liberates NFxB
from the complex and allows it to reach the nucleus where it participates in the activation of
genes such as IL2. The Ca?* released from intracellular compartrents and the increase in
DAG also prompt the protein kinase C to associate with the membrane. This activation
brings about the phosphorylation and activation of a different set of proteins which could
include other kinases. These, in turn, could activate still other enzymes to modify the
function of many different target proteins such as IkB releasing NFxB and permitting its
wanslocation in the nucleus. Another possibility exists where kinases themselves enter the
nucleus and act on transcription factors or other nuclear proteins. The tyrosine kinase
intrinsic to the IL2 receptor can also participate in the phosphorylation events and activate
factors implicated in the transcriptional regulation of specific genes. The phosphorylated
substrates thus participate in transduction of the activation signal into the nucleus.

Evidence that the four distinct CD3 molecules are involved in signal transduction
came from experiments showing that antibody directed at CD3 components can stimulate T
cells in the same way as antigen (Davis, 1990, Terhorst, 1988). Furthermore, it was shown

that during the activation of T cells, all of the CD3 polypeptides are phosphorylated at



FIGURE I.4 A model of signal transduction pathways during antigen-mediated T cell
activation. Interaction between the TCR/CD3 complex on T celis and antigen associated
with an MHC product on the antigen-presenting cell initiates transmembrane signalling by
activating phospholipase C which hydrolyzes the membrane component phosphatidyl 4,5-
bisphosphate (PIP2) into inositol triphosphate (IP3) and diacylglycerol (DAG). IP3
induces the release of calcium ions from intracellular compartments, resulting in an increase
in calcium (Ca2+). The ions bind to calmodulin, and the calcium-calmodulin complex
activates protein kinases which phosphorylate cytosolic proteins (such as IxB, inhibitor of
NFxB transcription factor). This phosphorylation step liberates NFxB from the complex
and allows it to reach the nucleus where it participates in the activation of the IL2 gene
expression. The presence of an increased amount of Ca2+ and DAG stimulates the
association of the enzyme pkC (protein kinase C) with the membrane. The activated pkC
then phosphorylates different sets of proteins which may include other kinases. These, in
turn, may activate enzymes which modify the function of other target proteins such as [kB.
Another possibility exists where kinases themselves enter the nucleus and act on
ranscription factors or other nuclear proteins. The T cell-specific receptors CD4 and CD8
also transduce signals through their distinct kinase (p5610k) and can promote
phosphorylation of other proteins.
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tyrosine or serine residues (Samelson et al., 1986, Cantrell et al.. 1985). Very recently. two
additonal polypeptides have been found that coprecipitate with CD3 molecules thus bringing
the number of polypeptides comprising the TCR/CD3 complex to nine (Fraser et al.. 1989).

In addition to their clear ability to agglutinate T cells with MHCY specific targets,
CD4 or CD8 has also been implicated in signalling effects (Figure I.4). Recently a 56 kDa
tyrosine kinase (lymphoid cell kinase {Ick]) was found asscciated with each molecule
{(Veillette et al., 1988, Rudd et al., 1988). More recently, Abraham and Veillette (1991)
demonstrated that p56le positively regulates T cell functions by transducing CD4/CD3
triggered tyrosine phosphorylation signals during antigen stimulation. Their results were
confirmed by Glaichenhaus et al. (1991). Whether these signals are qualitatively distinct
from those initiated by the TCR and/or amplify signals initiated by the TCR using similar
pathways of activation is unknown.

The series of biochemical reactions that are triggered by the transduced signals and
take place in the nucleus serve to move both precursors of T helper and T killer cells from
GO into the G1 stage of the cell cvele {Crabtree, 1989, Isakov et al., 1987). Durning this
activation phase, new mRNA and proteins are synthesized in each T cell subset. For
stimulated T helper celis, genes that encode IL2 and the IL2 receptor a chain are activated.
The newly synthesized subunit of the [1.2 receptor associates with the subunit already on the
cell surface. Together, they have a high affinity for IL2, while the constitutive chain alone
comprises the low affinity receptor. The subsequent interaction of IL2 with iis high affinity
receptor promotes transit through the remainder of the cell cycle resulting in clonal
expansion of the cells originally simulated by antigen. Binding of IL2 o its receptor results
in enhanced secretion of lymphokines, increased expression of membrane receptors for
other growth factors (transferrin receptor, insulin receptor) and the expression of induced
histocompatibility molecules.

For the antigen-stimulated precursor CTL {pCTL), the burst in transcription results

in synthesis of new proteins that include one subunit of the I1.2 receptor, the transferrin
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receptor, c-myc and MHC class I molecules. Up-regulation of the transferrin receptor is
necessary since transferrin is a universal requirement for long-term growth of all mammalian
cell types (Cotner et al., 1983). The protooncogene c-myc is a nuclear DNA binding protein
which seems to contribute to entry of the pCTL into S phase during activation. The
association of the newly synthesized IL2 receptor a chain with the constitutive IL2 receptor
B subunit gives rise to a high affinity receptor on the pCTL which bind the lymphokine
produced by the neighboring T helper cells. This interaction induces progression to the
second stage of cell activation in which DNA synthesis takes place and the cells proliferate
into a clonal population of cytotoxic cells expressing the same specific T cell antigen
receptor. These cells are now competent to bind and lyse target cells.

The intracellular signalling events induced by IL2 were recently examined (Saltzman
et al., 1990). It was found that the binding of IL.2 to its respective high affinity receptor
does not stimulate calcium mobilization or increase production of phosphatidylinositol (Pl)
metabolites. Thus, the pathways by which lymphokine signals are relayed to T lymphocytes
do not appear to involve the classical second messengers diacyiglycerol (DAG) and
inositoltriphosphates (IP3). Very recently, Eardley and Koshland (1991) observed that IL2
bound to its receptor initiates the rapid hydrolysis of an inositol-containing glycolipid to
yield a myristylated diacylglycerol in the membrane and an inositol phosphate-glycan into
the cytoplasm via the activation of a specific phospholipas= C. It was suggested that the
tyrosine kinase associated with the IL2 receptor could be involved in activation of the
phospholipase C (see Figure 1.4). Presumably, some of the events induced by this
activation would include phosphorylation reactions which have a direct impact on gene

activation.

In summary, T cell activation can be viewed 1is follows (Figure 1.5): macrophages
present antigens to helper T cells and provide a source of IL1 which augments the

production of IL.2 and induces expression of the IL2 receptor on antigen-activated helper T



FIGURE 1.5 Network of interactions between the cellular components of the immune
system. Foreign antigen (bacteria) coated with antibodies (IgG) activate the complement
system by binding C1. One component of the complement cascade C3® binds to the C3b
receptor on the surface of macrophages and induces phagocytosis of the microbes. The
macrophages (antigen-presenting cells) break down the foreign proteins and display the
pieces together with MHC class II surface proteins. At the same time, macrophages secrete
interleukin-1 (IL1) growth factor. T helper cells recognize the displayed antigen/MHC 11
complex and are activated to produce IL2, important for T killer lymphocytes.
Concurrently, abnormal proteins made within a virus-infected or malignant cell are
degraded in the cell's cytoplasm. Only then do the fragments move into a vesicle where
they join class I MHC molecules and are carried to the cell surface for display to T killers.
Following interaction between TCR/CD3 of the T killer and MHC Vantigen receptor on the
invader cell in the presence of IL2 from neighboring T helper cells, T killer lymphocytes
are primed to lyse target cells. NK cells interact with their targets via unknown receptors.
Following this association, target cells are programmed for destruction.
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cells. The secretion of IL2 by helper T cells is accompanied by the production of a variety
of lymphocyte differentiation and growth factors. These in turn activate macrophages and
increase their phagocytic activity and activate CTLs and induce their proliferation into
cytotoxic clones. T cell activation proceeds following a dual signalling event: helper T cells
require both IL1 from macrophages and antigen presented by MHC class 11, killer T cells
need both IL2 from helper T cells and antigen presented by MHC class | and macrophages

require both antigen and lymphokines produced by both helper T and killer T cells.

B. MECHANISMS OF KILLING

As mentioned previously, CTLs and NK cells are particularly prominent in killing
tumor and virus-infected cells and are also largely responsible for graft rejection. For over a
decade, considerable effort has been expended trying to understand the mechanism(s) by
which these cells destroy their targets. Some of the major discoveries that have contributed
to our understanding of cell-mediated cytolysis are r¢viewed in this section.

Several strategies have been used to investigate the mechanisms of cytotoxicity. One
of these was to fractionate components of the cell and test their cytotoxic activity in vitro
(Henkart, 1985, Young, 1989). Another approach was to isolate specific transcripts that are
expressed only in CTLs, as these should include genes that encode key compounds of the
cytolytic machinery. This was achieved by making cDNA libraries from CTL and other
lymphocyte subsets and using differential and subtractive hybridization to identify those
messages expressed only in CTL (Bleackley et al., 1988, Gershenfeld and Weissman,
1986, Lobe et al., 1986a,b, Brunet et al., 1986, Kwon et al., 1987, Jenne et al., 1988).

Both methods have provided interesting information that has been formulated into models.
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1. mmiQn f f cell-medi lysis model

Although the models presented may differ in their actual mode of action, they share
common features. They all divide the process of cytolysis into four distinct stages: 1)
recognition of and binding to the target cell, 2) delivery of the lethal hit, 3) detachment of the
effector cell from the target, and 4) death of the target cell. The various models differ in step
two: one model suggests that the lytic molecules are located within intracellular granules of
the effector cells whereas the others indicate that target cell destruction is mediated by
molecules not localised in granules. It is probable that multiple mechanisms of cytolysis
exist perhaps even within the same cell. Although all the current models are described, the
emphasis of this section is on the granule-mediated killing model and the granule-localized
components. The serine proteases analysed in this tiiesis are believed to be active

participants in this cytolysis model.

1.1 Recognition and binding to the target cell

In all the models proposed there is a requirement for close contact between the
lymphocyte and the target cell, that takes place within a few minutes (Hiserodt et al., 1982).
The initial contact is made nonspecifically through two CTL-cell adhesion molecules found
on the surface of lymphocytes, LFA-1 (lymphocyte function-associated protein 1) and CD2
(cluster of differentiation 2) that interact with the two target ccll surface proteins called
ICAM-1 (intercellular adhesion molecule 1) and LFA-3 respectively (Springer et al., 1987).
This magnesium-dependent binding process is strengthened by specific interactions between
the TCR/CD3 complex on the CTL and a combination of its cognate antigen and MHC class
I molecules on the target cell. The avidity of the celi-cell contacts is enhanced further by the
binding of CD8 to determinants of MHC class I molecule on the target cell (Terhorst, 1988,
Bierer et al., 1989). The precise role of these nonspecific adhesion molecules in killing by
CTLs is unclear. However, their importance was underscored by transfection experiments

showing that cells bearing antigen recognized by CTLs were not lysed unless nonspecific
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conjugate formation occurred (Spits et al., 1986). Recent studies suggest that these
accessory molecules may also play a role in the transduction of activation signals from the
TCR/CD3 complex through the cytoplasm into the nucleus where genes that encode the

molecules responsible for the effector function f CTLs are induced (Bierer et al., 1989).

1.2 Reorganization of the internal organelles of the effector cell

Binding of the target cell leads to a dramatic reorganization of the CTL which can be
seen as the polarization of the microtubule-organizing center (MTOC) and the Golgi
apparatus toward the target cell, followed by movement of granules toward the area of
contact (Kupfer et al., 1985, Kupfer and Dennert, 1984). Immunofluorescent staining
reveals that in the killer cell both actin and tubulin but not myosin are polarized toward the
target (Geiger et al., 1982). A role for cytoplasmic granules and their reorientation during
cell killing has also been subsrantiated by direct visualization of cell conjugates using high-
resolution Nomarski optics cinematography. Using this technique, Yannelli et al. (1986)
were able to monitor continuously the interaction between a CTL and its target cell. The
nucleus of the killer cell was seen to be displaced away from the target cell soon after target

binding, and granules migrated toward the site of cell-cell contact.

1.3 Detachment of the effector cell from the target

After delivery of the lethal hit, the killer cell may dissociate from the target without

interrupting the lytic process. The effector may then initiate a new lytic cycle with another

target cell.

1.4 Target cell lysis
Several dramatic changes are observed in the target cell during the lytic phase. A
massive calcium influx and changes in the overall shape of the target cell are followed by

expansion of the ER and chromatin condensation (Duvall and Wyllie, 1986). These
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morphologic changes are accompanied by DNA fragmentation, and ultimately, because of
cytoplasmic membrane damage, the release of macromolecules into the extracellular
environment. The DNA is cleaved into discretely sized fragments that each differ by
approximately 2C0 base pairs, apparently because of the activation of an endogenous
nuclease (Russell and Dobos, 1980, Duke et al., 1983). The nature of the signal(s)
triggered by lymphocytes that would initiate this program of cell death remain(s) to be
determined. The dual disintegration of DNA and plasma membrane is clearly different from
the events observed in complement-mediated lysis, during which DNA fragmentation is not

observed (Russell et al., 1980).

2. Delivery of the lethal hit

2.1 Granule-exocytosis model

In the most popular model to date, degranulation accompanies delivery of the lethal
hit. Following recognition and binding to a target cell, the effector cell degranulates,
releasing lytic proteins such as perforin and serine proteases into the immediate vicinity of
the target membrane (Figure 1.6). In the presence of calcium, perforin polymerizes and
forms polyperforin channels through which lytic proteins can gain access to the interior of
the target cell and cause cell damage (reviewed in Joag et al., 1989, Young, 1989,
Krihenbiihl and Tschopp, 1990). The characterization of perforin, serine proteases and
other candidates for lytic proteins implicated in this model are described later in this section.

Early srudies carried out by several groups showed that calcium is necessary for
delivery of the lethal hit during a stage in which the target cell is programmed to undergo cell
death. Others demonstrated that the engagement of the TCR by antigen binding is reportedly
followed by rapid increases in cytosolic calcium levels (Gray et al., 1987). Moreover,
stimulation of CTLs with a combination of calcium ionophores and phorbol esters is known
to trigger the CTL to kill. More recent reports indicated that the perforin pathway is

absolutely calcium-dependent (Tschopp and Nabholz, 1990). Agents that reduce calcium



FIGURE 1.6 Granule exocytosis or pore formation model of lymphocyte-mediated
killing. The cytotoxic T lymphocyte (CTL) binds to its target (virus-infected or
transformed cell) via nonspecific interactions mediated by CD2/LLFA-1 on the CTL
membrane and LFA-3/ICAM-1 on the target surface. These cell-cell contacts are further
strengthened by highly specific binding of the TCR with MHC class I antigen complex on
the target cell (TC). The triggering of the TCR/CD3 complex and CD8 receptor causes an
increase in Ca2* ions which promotes degranulation following reorientation of the Golgi
apparatus towards the point of contact with the TC. The granule lytic components are
released in the interspace between the CTL and TC. Perforin polymerizes in the presence
of Ca2+ and associates with the phosphorylcholine in the target membrane (PCRP) to form
pores. These allow other lytic proteins such as CCPs (granzymes) to penetrate the target
and reach the nucleus to activate an endonuclease which fragments the TC DNA. CCPs
may also activate mediators in the TC cytoplasm which in turn would induce the TC
endonuclease and promote cell death.
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levels (EGTA, EDTA) were shown to inhibit killing of target cells (Hiserodt et al.. 1982,
Henney, 1973, Joag et al., 1989). These studies have collectively implied that both
signalling and the effector mechanisms of CTLs are strictly calcium-dependent. Other drugs
that interfere with degranulation or exocytosis also inhibit killer cell activity. They include
colchicine, a disrupter of microtubule organization; chloroquine, a weak base that localizes
selectively in lysosomes and endosomes, increasing their pH; and monensin, which

interrupts membrane traffic through the Golgi apparatus.

2.2 Alternative mechanisms of target cell lysis

Recert observations in several laboratories have established that some CTL cell lines
can kill target cells in the absence of calcium and perforin or serine proteases (Trenn et al.,
1987, Ostergaard et al., 1987, Ostergaard and Clark, 1989). These observations challenged
the concept that degranulation was a prerequisite for killing. Tirosh and Berke (1985) b~d
shown in an earlier study that some target cells require calcium for lysis, whereas others do
not. A recent report indicated that, depending whether primary or cultured CTL populations
were used as effectors, different calcium requirements were seen (Howell and Martz, 1988).
These findings were provocative in suggesting that different mechanisms of cytolysis may
be involved in the lysis of target cells by CTLs and that the pathway of lysis employed
depends on both the effector CTL and the target populadons used. It is now well accepted
that the various postulated killing mechanisms are not mutually exclusive and that they may
operate singly or in concert, depending on the conditions used to elicit cytolytic cells

(Ostergaard and Clark, 1989, Young, 1989, Tschopp and Nabholz, 1990).

2.2.1 The internal target disintegration mediated by elevated cytosolic
calcium levels

Berke and Rosen (1988) suggested that CTL populations that have been primed in

vivo do not use the perforin pathway to kill. Rather, CTLs induce within minutes of
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lymphocyte-target cell interaction, an increase in cytosolic calcium from internal or external
stores which ultimately leads to cytolysis (Tirosh and Berke, 1985). Their model implicates
the increase in calcium levels as the first event in target cell death. There is evidence to
suggest that massive and persistent increases in cytosolic Ca2+ may contribute to DNA
fragmentation by triggering calcium-dependent topoisomerases and nucleases, which induce
uncoiling and fragmentation of the DNA, respectively (Berke, 1989). In addition, it was
suggested that target cell protease activity, induced or enhanced by Ca?+, could damage
cytoskeletal elements, resulting in bleb formation and finally zeiosis (cell boiling). Energy
production was also suppressed by Ca2+-induced damage to mitochondria, thus affecting
the function of ATP-fueled ion pumps.

Basically, the cytolysis model that they proposed include four steps: 1) early
depolarization of the target cell membrane stirnulated by the CTL, 2) cytosolic mobilization
of Ca2+ in the target cell, either by influx through voltage-dependent channels or by internal
release, 3) exhaustive activation of ATP hydrolysis mainly by the Ca2*-regulated
actomyosin system, 4) colloid-osmotic swelling and cell lysis as a result of ATP depletion
impairing osmotic regulation by active ion pumping.

Although this model does not involve degranulation and release of perforin or serine
proteases, it is not in disagreement with the granule-exocytosis model since perforin
insertion into the target cell membrane was shown to induce a rapid increase in cytosolic

Ca2+* as one of the steps leading to lysis (Nabholz and Tschopp, 1989).

2.2.2 CTL-induced target cell death through secretion of high
concentrations of exwacellular ATP

Extracellular ATP profeundly effects cellular functions as well as cell membrane
properties and intraceilular biochemical reactions (Gordon et al., 1986). Filippini et al.
(1990a,b) suggested the possibility that extracellular ATP acting in concert with the cell-

surface ATP-receptors and/or ectoprotein kinases leads to the CTL-induced target cell death.
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They demonstrated that stimulation of the CTL T-cell antigen receptor results in the
extracellular Ca2+-independent accumulation of ATP in the interspace between the antigen-
bearing target cell and the CTL which ultimately leads to target cell death. The same authors
identified ecto-ATPase receptors on CTLs which are believed to protect CTLs from lytic
effects of the high local concentrations of ATP. Further work is required to verify the

validity of this proposed model.

2.2.3 Target cell lysis induced by soluble mediators

This model is based on a family of cytolytic proteins with functional and
immunological relationships to tumor necrosis factor (TNF, TNFa or cachectin) (Beutler and
Cerami, 1989). In addition to TNF itself, the family includes lymphotoxin (LT or TNF[})
(Young, 1989), leukalexin (Liu et al., 1987) and natural killer cytotoxic factor (NKCF)
(Wright and Bonavida, 1982, 1987). These molecules are found abundantly in the cytosol
of CTLs anad NK cells and are believed to be delivered to the surface of the target cell where
they associate with specific receptors (Young and Liu, 1988b). Following this interaction,
the target cell is programmed to undergo celi death.

To date, the role of these cytokines in lymphocyte-mediated killing is unclear. They
induce lysis in hours rather than minutes as seen with cytolysis mediated by cytotoxic
lymphocytes (Henney, 1975, Henkart, 1985, Young, 1989, Wright and Bonavida, 1987).
In addition, if a soluble mediator was being secreted into the milieu, then lysis should
eventually be independent of cell-cell collisions, which, as numerous studies have shown, it

is not. These observations argue against a role for these proteins in cell-mediated killing.

3. Resistance of killer lvmphocytes to their own cytolytic machinery
How CTLs kill target cells but are themselves spared from being lysed during the
cytolytic event has remained largely an unresolved matter (Young and Liu, 1988a, Miiller-

Eberhard, 1988). Several laboratories have shown that cytolytic lymphocytes are equipped
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with the means to protect themselves from killing by other cytolytic lymphocytes, by
extracted granules and by purified perforin (Kranz and Eisen, 1987, Blakely et al., 1987).
In the case of granule-mediated killing, experiments attempting to clarify this issue showed
that 1) cytolytic cell lines do not prorect themselves from lysis by preventing the killer cell
from releasing lytic granule components (Kranz and Eisen, 1987, Verret et al., 1987,
Nagler-Anderson et al., 1988) 2) the protective phenomenon does not involve a rapid
removal of lesions or the activation of ion pumps and other energy-dependent processes that
restore electrochemical gradients. Therefore the protective phenomenon appears to be
extremely specific. More recently, Jiang et al. (1990) demonstrated the presence of a
protective protein in the membranes of CTLs which interferes with perforin binding to the
CTL surface.

However, other groups have indicated that under certain circumstances, CTLs can be
killed by other CTLs (Walden and Eisen, 1990, Pemberton et al., 1990, Joag et al., 1989).

Further investigations are required to resolve this controversial issue.

4. Molecules associated with granules

The direct involvement of granules in lymphocyte-mediated killing was demonstrated
primarily by studies which showed that granules isolated from CTLs and NK cell clones
were cytolytic (Henkart et al., 1984). Many studies have been devoted, in the past several
years, to the viochemical characterization of CTL-derived granules, and as a result, several

components have been purified and identified.

4.1 Perforin

The first direct structural evidence for pore formation on target cell membranes was
only reported in 1980 (Dourmashkin et al., Henkart et al.). They showed, by electron
microscopy, that ring-like lesions were acquired on antibody-covered erythrocyte ghosts

atter attack by lymphocytes. These studies revealed tubular structures with an internal
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diameter of 15 nm. Podack and Dennert (1983) later confirmed and significantly extended
these findings to cloned CTLs and NK cells. Both cytotoxic cell types are capable of
assembling two types of tubular lesions, one with an internal diameter of 16 nm, named
polyperforin 1 and a second small lesion with an internal diameter of 5 nm, polypertorin 2.
The monomer was named perforin for its ability to perforate membrunes (Podack, 1985).

Perforin (also called pore-forming protein (Liu et al., 1986) or cytolysin (Henkart,
1985) or C9-related protein (Zalmian et al., 1986)) has now been isolated from mouse, rat,
human CTL, NK or LGL granules and has a monomer molecular mass of 65-75 kDa
(Tschopp and Nabholz, 1990). Both CTL and NK cells appear to contain the same perforin
species based on their identified molecular mass and functional and structural properties.
Perforin lyses targets nonspecifically but only in the presence of calcium. Calcium induces
the polymerization of the perforin monomer into supramolecular structures that resist
dissociaton by detergents, disulfide-bond reducing reagents and boiling. Complete circular
polymerizaton is not obligatory for functional channel formaton.

Perforin was originally believed to induce cytolysis by forming channels in the target
cell membrane resulting in colloid-osmotic lysis (Henkart and Henkart, 1982, Berke, 1985).
However, it is becoming increasingly clear that perforin alone cannot account for all of the
observed effects of target cell death (see below) (Russell, 1983, Hayes et al., 1989,
Zychlinsky et al., 1991). In this regard, . ‘ne interesting aspect of the pore formation model
is thar these transmembrane channels might allow other granule components to gain access
to the interior of the target cell where they could exert their lytic potential. Candidates for
such lytic molecules include a family of granule-associated serine proteases referred to as

cytotoxic cell proteases (CCPs) or granzymes.

4.2 Cytotoxic cell proteases or granule-localized proteases (granzymes)
Considerable evidence for the involvement of cellular proteases in cell-mediated

cytotoxicity has accumulated during the past several vears. Early studies determined that
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various serine protease inhibitors such as diisopropylfluorophosphate (DFP),
phenylmethylsulfonylfluoride (PMSF) and macromolecular protease inhibitors (such as al
antitrypsin) were capable of blocking CTL- and NK-mediated killing (Matter, 1975, Hudig
et al., 1984, Ferluga et al., 1982, Hudig et al., 1981). In addition, it was shown that CTL
lines contain much higher levels of serine protease activity (based on a trypsin-sensitive
substrate) than noncytelytic cells (Pasternack and Eisen, 1985). Recently, a number of
CT1 specific cDNAs were cloned and shown to encode serine proteases (Lobe et al.,
19564,b, Gershenfeld and Weissman, 1986, Brunet et al, 1986, Bleackley et al., 1988,
Jenne et al.. 1988). Most importantly, transcription activation of these genes correlates with
the development of cytolytic activity (Bleackley et al., 1988) and the proteases themselves
are in granules (Redmond et al., 1987).

Following these studies, several serine proteases were isolated from the granules of
CTLs and NK cells and shown to be released during cell killing. To date, six homologous
serine proteases, termed CCPs or granzymes have been found in the cytoplasmic granules of
murine CTLs (see Table 1.1) (Mason and Tschopp, 1987, Prendergast et al,, 1991,
Bleackley et al., 1988, Jenne et al., 1989, Haddad et al., 1991). An additional granule
protease Hanukah factor (HF) (granzyme A) has also been characterized but it is not
recognized as a member of the CCP family because it has a different structure, gene
organization and chromosomal location from the others. These proteolytic enzymes
comprise approximately 85% of the proteins present in the granules of mouse CTL lines
(10% for perforin). In human CTL or lymphokine-activated killei cells, however, there is
so far only evidence for the presence of four proteases, three of which have been
characterized at the genetic level. These are the human homologues to murine Hanukah
factor (HuHF) and CCP1 (HuCCP1) and another related serine protease HuCCPX. The
relationship of the fourth human CCP is still unclear (Prendergast et al., 1991, Meier et al.,
1990, Fruth et al.. 1987, Schmid and Weissman, 1987, Hameed et al., 1988, Gershenfeld
et al., 1988).



36

Clone (DNA sequence) Protein Name

Alternatve

Designation Protein Name
Cl1 CCP1 granzyme B
B149 CCP2 granzyme C
D12 CCP3 granzyme E
cl34 CCP4 granzvme F
11-15 CCP5 granzyme D
13.4 CCP6 granzyme G
AR10 HF

granzyme A

TABLE 1.1 A summary of the CTL-specific protease genes and the proteins they encode.
The cytotoxic cell protease (CCP) designation is that of Lobe et al. (1986), Bleackley et al.
(1988), granzymes have been characterized by Masson and Tschopp (1987), Jenne et al.

(1988 and 1989), Haddad et al. (1991). Hanukah factor (granzyme A) was described by
Gershenfeld and Weissman (1986).

CCPs are very similar to each other in primary structure (at least 55% identity) and
contain the His, Asp, Ser triad known to form the catalytic center of serine proteases
(Bleackley et al., 1988, Prendergast et al., 1991, Jenne et al., 1989, Haddad et al., 1991).
Also conserved is the hallmark Asp-Ser-Gly-Gly moitif that includes the active site serine.
The mature proteases all begin with the common amino-terminal sequence Ile-1le-Gly-Gly
following a pre-propeptide. All CCPs contain the acidic dipeptide Gly-Glu or Glu-Glu
(propeptide) following the signal peptide (hydrophobic prepeptide) which directs secretion
or intracellular localization (ER). After signal peptide removal, the acidic amino-terminal
dipeptide of CCPs is cleaved during assembly of the granules to yield the mature protease.

The CCP family members ali exist as monomers that are comprised of many basic
residues such as arginine, histidine and lysine. Furthermore, all CCPs lack a particular
disulfide bridge normally present in chymotrypsin or trypsin (two of the c¢lassical proteases

characterized). This bridge is responsible for the stability of the substrate binding site.
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Again HF is an exception because in addition to having four disulfide bridges, it occurs as a
disulfide-linked homodimer. The enzymatic properties of some of the CCPs have also been
determined. CCPI1 prefe. Jly hydrolyses synthetic substrates after Met, Ser and Asp
(Odake ev al.. 1991). CCPS, on the other hand, has a weak trypsin-like activity and cleaves
after Lys or Arg residues (Jenne and Tschopp, 1988). The specificity of the remaining
CCPs (2, 3, 4, 7) is still unclear as no proteolytic activity was measured when they were
tested on a variety of synthetic substrates (Tschopp and Nabholz, 1990). These
observations imply that CCPs may bind to and cleave highly specific substrates in a very
restricted fashion. Masson et al. (1986) examined the proteolytic properties of the granule
protease HF and showed that it has a trypsin-like activity as indicated by the aspartic acid
residue in the binding pocket and by its substrate specificity for Arg-X bonds. It cleaves
among other proteins, fibrin, casein and extracellular matrix proteins.

The function of the proteases remains speculative at the present time (Kramer and
Simon, 1987, Tschopp and Nabholz, 1987). Unlike perforin, purified CCPs alune have no
cytolvtic activity suggesting that these enzymes play an intermediate processing role that may
be required to render perforin and other lytic megiators active (Young, 1989). CCPs might
cleave proteoglycans bound to perforin (see below) and thereby activate this pore-forming
protein. Indeed, all CCPs share a high degree of homology with cathepsin G which has
been shown to degrade proteoglycans (Jenne et al., 1989, Hanson et al., 1990). It has also
been suggested that CCPs may be important in facilitating the detachment of CTLs from the
target cell thereby allowing the CTLs to recycle i.e., bind to and lyse additional targets
(Tschopp and Nabholz, 1987). Purified HF can stimulate growth of B cells and thymic
lymphoma cells (Simon et al., 1987). In addition, it can degrade endothelial-derived
extracellular matrix proteins and thus may help the migration of activated lymphocytes into
tissues (Simon et al., 1987).

Targets of NK and CTL action undergo an early fragmentation of chromosomal

DNA., presumably via activation of a target cell endonucleolytic system. As mentioned
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previously, CCPs could use perforin channels to reach the interior of the target and initiate
damage by inducing an endonuclease enzyme for example (Munger et al., 1988).
Supporting this view, Hayes et al. (1989) reported recently that granule-associated protease
activity co-purifies with "nuclear DNA-releasing” activity, and that a combination of
granule-associated perforin and serine proteases could induce both target cell lysis and
significant DNA release. Controversial reports have been published however, which
demonstrate that cytolytic granules isolated from CTL clones do not induce DNA
degradation (Gromkowski et al., 1988, Duke et al., 1988). Therefore, it is still unclear
whether serine proteases play an active role in this type of cell death. Further work is
necessary to elucidate their biological role.

Serine proteases have also been detected in the cytoplasmic granules of other
specialized cells of the immune system. Normal human monocytes and neutrophils contain
cathepsin G and elastase which upon release, allow the rapid degradation of extracellular
substrates (Kargi et al., 1989, Weiss, 1989). This in turn promotes transvascular migration
of cells, tissue remodelling during morphogenesis, wound healing, inflammatory reactions
and a number of pathologic conditions including tumor invasion. In addition, at least four
other granule proteases have been identified in neutrophils (Wilde et al., 1990, Kuao et al.,
1988, Pereira et al., 1990). The 37 kDa cationic antimicrobial protein CAP37, proteinase 3
and azurocidin share sequence similarity with elastase. Azurophil granule protein 7
(AGP7), on the other hand, is 70% identical to CCP1 (within the first 20 amino acids from
the amino-terminal end).

Mast cells which have been implicated in the expression of a wide variety of
biologicail responses also contain large amounts of serine proteases within the secretory
granules (Benfey et al., 1987, Serafin et al., 1990). In both the mouse and rat, the
connective tissue mast cell (CTMC) serine protease is designated RMCPI (also named
chymase) whereas the mucosal mast cell enzyme is termed RMCPII. Both enzymes

resemble pancreatic chymotrypsin in that they are serine endopeptidases that cleave to the
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carboxy terminal side of hydrophobic amino acids with a neutral to basic pH optimum.
RMCPI and RMCPII have substantial amino acid sequence homology with one another but
are still distinct gene products. Recent studies have indicated that four additional distinct
serine proteases are present in the secretory granules of the mouse CTMC (Serafin et al.,
1991). Human mast cells have elaborated yet another kind of serine proteases termed
tryptase (Vanderslice et al., 1990). Perhaps some clues regarding CCP function can be

gleaned from studies on similar proteases in these nonlymphocytic cells.

4.3 Proteoglycans/ chondroitin sulfate A

Besides perforin and the family of proteases, the CTL and NK granules also contain
chondroitin sulfate A proteoglycans. Schmidt et al. (1985) demonstrated that these
negatively charged molecules are released from killer cells upon stimulation and prior to
lysis of target cells. Although the function of the proteoglycans remains unclear, they have
been attributed many roles. Serafin et al. (1986) presented evidence that they act as carrier
and packaging molecules for proteolytic enzymes by interacting with the basic residues of
the polypeptide chains. Indeed, CCPs and perforin have been shown to bind chondroitin
sulfate glycoproteins. This observation further suggested that proteoglycans may have a
protective role in preventing self-injury mediated by perforin and other lytic molecules ty
blocking their action in the granules in which they are stored (Tschopp and Masson, 1987).
Another function which has been attributed to chondroitin sulfate A in CTLs is to increase
the adhesion between the effector killer lymphocyte and its target cell upon its release from
granules. This in turn would limit the space in which the lytic components can effect target

cell damage.

5. Gene organization ot CCPs and perforin
Full iength genomic clones for most of the CCPs have been isolated very recently

(Lobe et al.. 1988, Prendergast et al., 1991, Jenne et al., 1989, Haddad et al.,, 1991). By
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comparison of the genomic and cDNA sequences, it was possible to determine the
exon/intron organization of these genes. Each gene is encoded by five exons interrupted by
four introns. The sizes of exons and introns for all members are comparable. Moreover,
the positions of the introns are very well conserved in all CCP genes (Prendergast et al.,
1991). Their genomic organization suggests that CCPs arose from a single primordial gene
through gene duplication. Such an analysis also revealed that CCP2, 3, 4. 5 and 6 share the
same 3'-untranslated sequences with CCP1 but have inherited ditferent 5'-ends through the
course of evolution. The homology at the nucleotide level is very high as summarized in
Table I.2. The nucleotide identities are highest among CCPs 3, 4 and 6, ranging from 84%
to 94%. The most closely related CCPs are CCP3 and CCPS5, with 94% nucleotide identity.
CCP1 and CCP2 genes which are the focus in the present thesis are 76% homologous at the
nucleotide level and 55% identical at the amino acid level.

The CCP nucleotide sequences also share a high degree of homology with other
members of the serine protease superfamily. The non-CTL proteases adipsin, cathepsin G,
neutrophil elastase and rat mast cell protease II (RMCPII) contain sequences that are
conserved in CTL-serine protease genes (Prendergast et al., 1991, Haddad et al., 1991,
Vanderslice et al.,, 1990, Lobe et al., 1986a, Jenne et al., 1989). The serine protease
domain of complement factor B, that of urokinase, the pancreatic proelastase Il share overall
75% nucleotide identity with CCPs. For CCP1 and CCP2 genes, the greatest homology
was found with the human cathepsin G gene with 65% and 62% nucleotide identity,
respectvely.

Five CCP genes have been assigned a chromosomal position. CCP1, 2, 3 and 4
genes have been localized to chromosome 14 in the mouse (Crosby et al., 1990, Klein et al.,
1989, Brunet et al.,, 1986) and CCP1 and CCPX in human, to a region very close tothe a T
cell receptor locus (Meier et al., 1990). The HF gene maps to a totally different location

(chromosome 5) which emphasizes the complex evolution of serine proteases (Gershenfeld

et al., 1988).
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CCP1 CCP2 CCP3 CCP4 CCP5 CCP6 HF

CCP1 75 64 65 65 64 48

CCP2 66 69 70 70 70 48

CCP3 56 58 85 95 89 48

CCP4 57 59 76 84 86 47

CCP5 57 59 90 74 88 47

CCP6 58 61 82 79 78 46
HF 43 41 40 40 39 38

TABLE 1.2 Homologies between the known CTL-specific serine protease genes and
proteins. The cDNA sequences corresponding to the coding portions of the genes were
compared using the "Alignment” program of the Microgenie software package. Numbers
above diagonal reflect the % nucleotide identities and numbers below diagonal represent %
amino acid identities.

Recently, two groups have independenty cloned mouse perforin cDNAs (Shinkai et
al., 1988, Lowrey et al., 1989). A cDNA clone for human perforin and its genomic version
have been isolated and sequenced (Lichtenheld et al., 1988, Lichtenheld and Podack, 1989).
An interesting feature of human perforin is its organization in only three exons, one of
which encodes almost the entire 5'-untranslated region. In addition, the distance between
each exon is quite large (1663 bp for exonl and exon2, 1182 bp for exon2 and exon3). The
human perforin gene has been mapped to chromosome 17 (Shinkai et al., 1989).
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6. Transcriptional regulation of CCPs and perforin

The interest in CTL-proteases grew much stronger when their distribution and
kinetics of expression were examined. Transcription of CCP1, CCP2 and HF genes was
detected specifically in stimulated cytotoxic T cells, NK cells, LAK cells and was not found
in resting CTLs, resting or activated B cells, macrophages, brain, liver or fibroblasts (Lobe
et al., 1986b, Bleackley et al., 1988, Velotti et al., 1989, Young et al., 1990, Gershenfeld
and Weissman, 1986). ¥/8 T cells which have been described in association with a number
of immunologic disorders, also express CCP1 and HF (Koizumi et al., 1991). Moreover,
during the development of a cytotoxic response in vitro, the steady-state level of mRNAs as
well as the wanscriptional rate of CCP1 and CCP2 were shown to parallel the cytolytic
activity of the cells (Lobe et al., 1986b, Bleackley et al., 1988). These experiments also
revealed that CCP1 and CCP2 were sequentially expressed and most importantly, that their
level of mRNAs peaked 12 to 24 hours before the peak of cytotoxicity. This pattern of
expression suggested that these mRNAs encoded proteins involved in cell-mediated killing.
Very recently, the age-related decline in CTL activity has been correlated with an age-related
decrease in serine protease mRNA level and activity (Bloom et al., 1990).

In every situation examined in vitro, transcription of the protease genes was always
induced in response to stimuladon of pCTL by antigen and lymphokines and correlated with
cytolytic activity. Recently, Miieller et al. (1988a, 1988b, 1989) demonstrated the presence
of serine protease transcripts in lymphocytes from cardiac allografts undergoing rejection, in
a number of lymphocyte-associated dermatoses and in the brain or liver of lymphocytic
choriomeningitis virus (LCMV)-infected mice. Finally, the gene for HF was shown to be
expressed in vivo in islet-infiltrating cells during the development of autoimmune diabetes in
NOD mice (nonobese diabetic mice which spontaneously develop a diabetic syndrome
resembling human insulin-dependent diabetes mellitus (IDDM)) (Held et al.,, 1990). This
set of results emphasizes the fact that expression of proteases occurs in vivo and is not an

artefact of in vitro manipulation of cell lines.
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The large body of biochemical information accumulated on perforin seem to indicate
that this molecule piays a vital role in cytotoxicity and that pore formation is an integral part
of lymphocyte-mediated reactions. Both murine and human forms of perforin are found
predominantly in CD8+ (CTL cells) and CD16% (Fc receptor marker-NK cells) phenotypes
following in vitro stimulation with allogeneic cells (Young et al., 1990, Tschopp and
Nabholz, 1990). It is absent from non-lymphocyte populations, from activated CD4%
(helper T cells) and from resting CD4% and CD8* T cells. Human peripheral blood
lymphocytes become potent killers and acquire perforin when stimulated with an anti-CD3
monoclonal antibody. Among in vitro cultured lymphocyte populations examined to date,
there is a good correlation between cytolytic activity and the presence of perforin activity.
Perforin has also been detected in CTLs raised in vivo. During an acute LCMYV infection,
massive numbers of CTLs with perforin have been detected in the brain or the liver of
infected mice by in situ hybridization or staining with anti-perforin antibody (Miieller et al.,
1989, Young et al., 1989). The same techniques were used very recently to show that
perforin is expressed by lymphocytes found in the synovial joint fluid of patients with
rheumatoid arthritis and in islets undergoing autoimmune destruction during IDDM (Young

et al., 1989, Young et al., 1990).

In summary, despite rapid advances in the cellular and molecular characterization of
CTLs and the elaboration of several interesting models, a clear picture of the mechanism(s)
by which they effect target cell killing in vivo remains elusive.

The recent identification of the lytic effectors and the isolation of their genomic
clones currently allows the study of the mechanism(s) which control their transcriptional
activation. These analyses will provide clues on the nature of the intracellular signals which
mediate activation of CTLs to the lytic state. Moreover, they will allow the delineation of the

proteases and perforin essental regulatory genetic elements which could be used to design
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experiments to modulate the activity of these lytic molecules at will. Such studies wiil

eventually help to define the role of these important players in cell-mediated lysis.

C. REGULATION OF GENE EXPRESSION

1. General concepts of gene regulation in eukaryotes

The processes of decoding genes and synthesizing appropriate amounts of gene
products are complex. Numerous studies have shown that regulation can theoretically occur
at any step in the biogenesis of mRNA: synthesis of the primary transcript (Struhl, 1989,
Goodbourn, 1990, Maniatis et al., 1987), splicing (Smith et al., 1989, Maniatis, 1991),
processing (addition of the 5' seven methyl G cap and 3' poly(A) residues) (Jackson and
Standart, 1990, Proudfoot, 1991), ransport from the nucleus to the cytoplasm (Wickens
and Dahlberg, 1987, Zamore et al., 1990), and degradation of the mRNA, whether in the
nucleus or cytoplasm (Wisdom and Lee, 1991, Shyu et al., 1991). Regulation can also take
place at the translational (Craigen and Caskey, 1987, Riis et al., 1990) and/or post-
translational level (Berk, 1989, Hershey, 1989). This section presents some of the general
concepts of transcriptional regulation of gene expression in eukaryotes and purposely omits
posttranscriptional and translational controls since these levels are beyond the scope of the
work described herein.

Over the last ten years, the majority of research has concentrated upon the most
common and immediate focal point of gene regulation, namely transcription. The
conclusion of many studies indicated that for all genes examined, tissue-specific or stimulus-
specific expression was conferred upon the gene by cis-acting sequence elements (DNA
sequences linked to a gene). These genomic segments fall into three broad classes, namely
promoters, enhancers and silencers and are composed of discrete DNA sequence motifs

which serve as recognition blocks for sequence-specific DNA-binding factors. Positive and
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negative factors facilitate and prevent, respectively the assembly of transcription complexes

which augment or restrict the recruitment of RNA polymerase II to the desired gene.

1.1 Promoters and initiation of transcription

Promoters are defined as the DNA sequences that allow RNA polymerase to bind
and to initiate the polymerization of ribonucleotides. The initial characterization of
eukaryotic RNA polymerase II promoters revealed the presence of a conserved sequence
motif TATAAA (the TATA box) positioned 20 to 30 base-pairs (bp) upstream from the site
of transcription initiation (designated +1), another conserved element GGT/CCAATCT (the
CCAAT box) located around -70, as well as in some instances the GGGCGG sequence
motif (the GC box) (Schibler and Sierra, 1987, Maniatis et al., 1987). These elements bind
ubiquitous trans-acting factors but may also bind tissue- or developmental stage-specific
effector molecules (Schibler and Sierra, 1987).

Recent studies indicate that transcription initiation of most eukaryotic genes proceeds
through the ordered assembly of at least five cellular factors (TFIIA, TFIB, TFIID, TFIIE,
and TFIIF) at the highly conserved TATA box (Sawadogo and Sentenac, 1990, Lewin,
1990). These DNA-protein interactions either regulate the efficiency of transcriptional
initiation or specify the transcription initiation site. One of the earliest steps in the formation
of a functional preinitiation complex entails the site-specific binding of TFIID to this motf, a
reaction that may be facilitated by the prior non-specific association of TFIIA to the
promoter. Mutational analysis has demonstrated for many promoters that the integrity of the
TATA box is essential for the maintenance of both the accuracy and efficiency of
transcription initiation. Therefore, TF¥IID, by virtue of its specific association with this
motif, represents a central target through which the action of various promoter-specific
regulatory factors may be channeled. RNA polymerase II initiaics mRNA synthesis upon
recognition of this complex. The complex is formed and stabilized by specific interactions

between the proteins and cognate DNA sequences and by protein-protein interactions
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between the various components. One feature of RNA polymerase 11 which may contribute
to its interaction with the transcription complex is a conserved seven amino acid sequence
that is repeated many times at the carboxy terminus of the largest subunit of the enzyme
(Allison et al., 1988, Zhang and Corden, 1991). This "tail" is conserved from yeast to
human and, by site-directed mutagenesis was shown to be required for transcription in vitro
and in vivo (Scafe et al., 1990, Sawadogo and Sentenac, 1990).

A large subclass of RNA polymerase Il promoters lacks both TATAAA and CCAAT
sequence motifs but contain multiple GC boxes. This promoter class includes several
housekeeping genes (dihydrofolate reductase (DHFR) (Blake et al., 1990, Means and
Farnham, 1990), adenosine deaminase (Valerio et al., 1985)), as well as nonhousekeeping
genes such as the mnuse/rat tissue-type plasminogen activator (Feng et al., 1990), synapsin
I (Sauerwald et al., 1990), epidermal growth factor receptor (Ishii et al., 1985), nerve
growth factor receptor (Sehgal et al., 1988) and human transforming growth factor o
(Jakobovits et al., 1988) genes. A nucleotide motif has recently been identified in the
murine TATAless DHI'R promoter which functions specifically to position the site of
transcription initiation from several housekeeping genes (Means and Farmmham, 1990). This
initiator element was shown to be distinct from the TATA box. Supporting this result, a
more recent report demonstrated, in the hamster DHFR promoter, that the interactions at the
GC boxes were shown to be required not only for efficient transcription but also for
regulating start site utilization (Blake et al., 1990). These results suggest that alternative
mechanisms of transcription initiation exist, one TAT A box-dependent and the other TATA
box-independent. TATA box-dependent and -independent transcription initiation complexes
may, by virtue of distinct factor composition and surface topography, represent differential

targets for the action of various trans-acting regulatory factors.
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1.2 Enhancers and modulation of transcription

Enhancers are transcriptional control elements that can modulate transcription of
genes (reviewed in Maniatis et al., 1987 and Atchison, 1988). Enhancers have been located
within the 5'- and 3'-flanking regions of genes as well as within introns in some instances
(Queen and Stafford, 1984, Horton et al., 1987, Rossi and Crombrugghe, 1987, Bornstein
et al., 1987). The properties of enhancers include their ability to 1) increase transcription of
cis-linked promoters, 2) operate in an orientation- independent manner, 3) exert an effect
over large distances independent of position and 4) enhance the expression of heterologous
promoters.

As transcriptional control sequences have been studied in greater detail, the
distinction between promoter and enhancer elements has become less clear. DNA segments
that were originally thought to be promoter elements were found to show enhancer activity,
and certain enhancer motifs behaved as promoter elements (Lennon and Perry, 1935). The
detailed characterization of DNA sequences exhibiting enhancer activity led to the concept
that an "enhancer effect” is produced by the combinatinn of various sequence motifs, or
modules, each contributing to the overall activity of the enhancer (Serfling et al., 1985).
This modular arrangement of DNA segments is nicely illustrated by the upstream regions of
the mouse and human metallothionein genes. These transcriptional control regions contain
distinct modules that are responsive to transcriptional induction by phorbol esters, heavy
metals or glucocorticoids (Serfling et al., 1985). The concept of the jigsaw puzzle was then
introduced by Yamamoto et al. (1985) as an analogy to the enhancers: a regulatory protein
that is to fit into an enhancer must be compatible with multiple surfaces: these surfaces
include both its cognate DNA sequence motif and protein structural motifs presented by
adjacently bound proteins. In other words, in order for a protein to participate in the
formation of an active enhancer complex, it must be suited for specific interactions not only
with a cis-regulatory DNA sequence within the enhancer, but also with protein interfaces

contributed by factors localized at adjacent positions within the enhancer region.
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Some of the enhancer motifs required for ranscriptional induction by various agents
include the glucocorticoid response element (GRE), which binds the glucoconticoid receptor.
the heavy metal responsive elements of the metallothionein genes. the serum responsive
element of the c-fos gene, the heat shock response elements of the heat shock genes and the
phorbol ester-inducible element that binds the AP factor (reviewed in Johnson and
McKnight, 1989). The enhancer sequence motifs have generally been tound as binding
sites for one or more trans-acting nuclear factors. Thus, the enhancer etfect depends not
only upon the mixture of sequence motifs comprising a particular enhancer region. but also
upon the assortment of trans-acting factors present within a particular cell type. This second
level of complexity is particularly important because a number of enhancer motifs bind to
more than one trans-acting factor (as seen later), some of which are restricted in their tissue
distribution. These apparently tissue-specific factors are sometmes present in many tissues
in an inactve or masked for .. that can be converted to an active torm by a post-translational
mechanism (as discussed tater). The ability to induce this conversion by various agents has
important consequences for the tissue-specific and developmental control of transcription.
Similarly, the inclusion of negative-acting motifs in some transcriptional control regions
contributes to the restricted expression of some genes in cerwin cell types (as seen later). In
support of the composite characteristic of enhancers, several reports showed that many of
the basic enhancer motifs identified in specific zene enhancers were also present in other
cellular enhancers (Lenardo and Baltimore, 1989, Jones et al., 1988).

As more genes were examined and more enhancer sequences identified, it becamne
clear that in order to understand how enhancers function, one had to obtain information on
the factors capable of binding to them. So, the race was on to identify cognate DNA-
binding proteins. The identification was mostly done using gel retardation and competitive
assays. Then, through direct screening of expression libraries with radiolabeled DNA
ligands (defined during the first series of experiments), the genes encoding these proteins

were cloned, sequenced and, in some cases further characterized by X-ray crystaliography.
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The past five vears have provided a large amount of information on regulatory proteins
(Harrison and Aggarwal, 1990, Landschulz et al., 1988, Johnson and McKi..ght, 1589,
Churchill and Travers, 1991). It was shown that proteins recognize DNA in much the same
way that they recognize other proteins. That is, they first form a tertiary shape or contour
that is compatible with the surface with which they must interact. As in the interaction
between two proteins, the atomnic contacts between protein and DNA are varied, including
hydrogen bonding, ionic interactions and hydrophobic interactions. It was also discovered
that many different proteins recognize DNA by virtue of common structural motifs. To date,
four different structural motifs have been identified: 1) helix-tum-helix (Harrison and
Aggarwal, 1990, Johnson and McKnight, 1989), 2) zinc finger (Berg, 1990, Vallee et al.,
1991), 3) leucine zipper (Landschulz et al., 1988, Vinson et al., 1989, Johnson and
McKnight, 1989), and 4) helix-loop-helix (Murre et al., 1989, Johnson and McKnight,
198Y).

As more genes encoding DNA-binding proteins are cloned using direct screening of
expression libraries with radiolabeled DNA ligands and characterized, it is likely that more
structural DNA-binding motifs will be discovered. These as yet unidentified motifs and the
observations that some proteins contain more than one motif will add more complexity to the
already sophisticated DNA-protein and protein-protein interactions.

Although the past five years have shed some light on the intricate mechanisms of
control of gene expression in eukaryotes, they hav~ at the same time generated a
considerable amount of information that has yet to fall into place. The old concept that one
specific protein would bind solely to its cognate DNA sequence has been proven wrong
numerous times. Many laboratories have provided evidence that purified proteins have the
capacity to bind with equal avidity to sites on DNA that share only minimal nucleotide
sequence similarity. This represents the case where the same protein binds to multiple DNA
sequences. Suchis .« e for the glucocorticoid receptor protein which can bind to the

degenerate octany © - ¢ AGAa/tCAGa/t (Payvar et al., 1983, Renkawitz et al., 1984) and
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for C/EBP, a rat liver protein which can bind to a degenerate nonamer seqgin .
TGTGGa/ta/ta/tG common to many animal virus enhancers (Wether et al., 1983) ar .

to the CCAAT box of eukuryotic genes (Costa et al., 1988). Since C/EBP bour:! .1 - 10
both CCAAT homologies and enhancers, it was eventually termed CCAAT/er neicer
binding protein (C/EBP). l.omeodomain proteins are cach capable of binding to sets of
DNA sequences whose members diverge considerably from a consensus (Beachy et al.,
1988, Desplan et al.. 1988).

These observatdons led to the hypothesis that a DNA-binding protein which exhibits
promiscuous interaction specificity in vitro would acquire substantially improved specificity
when complexed with one or more other proteins in vivo (Struhl, 1989, Johnson and
McKnight, 1989) It was further proposed that an auxiliary factor which improves the
binding specificity of a gene regulatory protein might operate in two ways. It could
contnbute, from i1ts own polypepude structure additional contact surfaces with DNA.
Alternatively, the role of @n ancillary protein could be indirect. Its contacts with a second
regulatory protein could induce an allosteric change in the protein, causing it to bind certain
DNA sequences more avidly.

In addition to the unanticipated flexibility of binding specificity exhibited by certain
regulatory proteins, recent examples where unique DNA sequence elements are capable of
bindir ' n ‘riple regulatory proteins have also been seen (Riggs et al., 1991, Andrisan: et
al,, i%2:). This phenomenon has emerged from the study of immunoglobulin genes and
studies of proteins that bind to the CCAAT elements and cAMP response element. A
conserved sequence, usually referred to as the octamer element (ATGCAAAT) was found
within the Ig heavy chain enhancer and promoter, and within the Ig light chain promoter
(Schaffner, {Y89). This octamer was found to be an important determinant of lymphoid
cell-specific wranseription. However, it was also found within genes whose expression is
not restricted to lymphoid cells. Examples of these include histone H2b, herpesvirus tk, Ul

and U2 snRNAs, enhancers of SV40 and herpesvirus immediate early genes. Numerous



51

studies have supported the notion of multiple octame.. -~ nding proteins (Wirth et al., 1991,
Schaffner, 1989, Johnson and McKnight, 1989). Following gel retardation assays, the
lymphoid octanucleotide activity has been termed OCT 2 whereas the ubiquitous protein has
been designated OCT1. Comparison of the protein sequence of OCT1 and OCT?2 revealed
that, while both proteins exhibit a helix-turn-helix motif for :2NA recognition, a leucine
repeat was present only in OCT2 (outside the region thought to be necessary for DNA
recognition). It was suggested that this leucine repeat motif may contribute to the specificity
of action of OCT?2.

Tne CCAAT sequence element is commonly found 50 to 100 bp upstream from the
transcription start site of eukaryotic genes and is important in premoter function (McKnight
and Tjian, 1986). Many different CCAAT-binding proteins exist and have been detected in
extracts of a variety of cell types (Do et al.,, 1987, Chodosh et al., 1988, Maity et al.,
1988). There is no "universal” CCAAT-binding protein. Each protein binds to a subset of
CCAAT boxes, and these specificities form partially overlapping sets. It has been shown
that multiple CCAAT-binding proteins can exist within the same cell. A similar situation has
been observed in the case of cAMP consensus sequence, TGACGTCA, binding site for the
CREB protein. This nucleotide motif is highly homologous to another sequence
TGACATCA which binds AP1 factors. Evidence has been given that the CREB protein
recognition sequence can interact with AP1 and that the reverse is also possible’ n ii«sani et
al., 1988).

Another feature which appears to be common among DNA-binding proteins is their
heterodimeric structure. It is generally assumed that a given DNA-binding protein is fully
cap=ble of interacting with its target site. However, there are instances in which two
proteins together can bind DNA whereas neither protein can bind alone. Examples for
binding specificities that consist of multiple polypeptides include the CCAAT-binding
proteins (Chodosh et al., 1988, Umek et al., 1991), the yeast mating-type regulatory
proteins (Bender and Sprague. 1987) and the fos/jun proteins {Kouzarides and Ziff, 1988,
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Ransone et al., 1990). The combinatorial DNA-binding might increase the precision of
transcriptional regulation by modulating gene expression only when two specitic
physiological conditions occur. It might also increase the flexibility of regulation by having
a given protein asso:ite with a variety of different proteins to vield heterodimeric species
with distinct sequence recognition properties.

In some other instances, two proteins are necessary for activation even though cach
protein can bind independently and simultaneously to the target (Widom et al., 1991, Comb
et al., 1988, Bowlus et al., 1991, Andersen et al., 1990). In such cases as well, synergy
between activators may increase both the precision and flexibility of transcriptional
regulation. Synergy is believed to minimize the number of distinct transcription factors that

are necessary to achieve the wide variety of regulatory responses. This phenomenon has

been observed with the yeast mating-type regulatory proteins.

1.3 Silencers and modulation of manscription

By virtue of the way in which the cis-acting elements have been analysed, most of
the data for a long while reflected the narture of sequences needed to give expression under a
given set of circumstances, i.e. positively-acting elements. More recently however, it has
become apparent that sequence-specific negative regulation is a common place event in
eukaryotic transcriptional control (Goodbourn, 1990, Atchison, 1988, Struhl, 1989). Some
of the earliest evidence for the existence of trans-acting repressor molecules came from
experiments which demonstrated that inhibitors of protein synthesis could induce specific
gene expression. Derepression of gene expression has been observed for B-interferon
(Ringold et al., 1984), c-myc (Greenberg et al., 1986), c-fos (Sassone-Corsi and Verma,
1987), IL2 (Efrat and Kaempfer, 1984), and platelet-derived growth factor responsive genes
(Hall et al., 1989).

Another line of evidence for specific trans-acting repressor molecules came from cis-

acting sequence mapping approaches. In the same way that deletion of key sequences with a
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corresponding loss of expression implies loss of positively-acting elements, an increase in
expression is taken as evidence for deletion of a negatively-acting element. Using this
approach, negative elements have now been identified in a large number of manscriptional
control elements including those within the mouse Ig heavy (H) chain enhancer (Kadesch et
al., 1986) and the genes encoding rat glutathione transferase P (Imagawa et al., 1991),
chicken lysozyme (Baniahmad et al., 1987), mouse a-fetoprotein (Hammer et al., 1987,
Vacher and Tilghman, 1990), rat collagen II (Savagner et al., 1990), mouse N-ras (Paciucci
and Pellicer, 1991), chicken cardiac myosin light chain 2 (Shen et al,, 1991), mouse TCR
a/f (Winoto and Baltimore, 1989a), mouse yF-crystallin (Liu et al., 1991) and the yeast
mating-type genes (Brand et al., 1985).

Some of the identified negative elements have been shown to have properties of
silencers (negative enhancers) and thus exert their effects relatively independent of position
(TCR o/B. collagen II, rat glutathione, yeast silencers); while others have more stringent
position requirements (o-fetoprotein). Some negative elements appear to be promoter-
specific (yF-crystallin) while some worked well on heterologous promoters (those of
collagen II, N-ras, TCR o/B, IgH chain). Vacher and Tilghman (1990) have recently
described the first mammalian repressor to have functional significance in vivo using
transgenic mice, thus emphasizing the importance of such negative-acting sequences in gene
regulation.

One feature shown to be common to a number of genes with negative elements is that
the promoters themselves are not cell-type specific (Goodbourn, 1990). Instead, adjacent
negative-acting elements repress expression in inappropriate cell types. These results
emphasize the importance of concernted action of multiple regulatory elements. In agreement
with the complexity of the phenomenon of gene repression, several instances have been
described where the same DNA sequence was able to mediate either negative or positive
ranscriptional effects. Examples of such dual function include the IgH chair enhancer

region (Wang et al., 1991, Lenardo et al., 1989), the serum response element (itter core) of
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c-fos (Rivera et al., 1990). and the regulatory sequences of the mouse proliferin gene
(Diamond et al., 1990). Examples also exist where a single protein can serve either as a
transcriptional repressor or activator depending on the promoter (Pei and Shih. 1991,
Stenlund and Botchan, 1990). Lamph et al. (1990) recently demonstrated the dual tunction
of the cAMP responsive element binding protein (CREB). In the absence of
phosphorylation, CREB was shown to function as a repressor. However, following
phosphorylation by protein kinase A, CREB exhibited a positive role (Yamamoto et al..
1988, Gonzalez and Montminy, 1989). There is now evidence to suggest that this
phosphor+lation of CREB allows allosteric activation of a domain capable of transcription
transactivation (Gonzalez et al., 1991). It would appear that CREB can bind to promoters
containing CRE-like sites but acts as a repressor until protein kinase A phosphorylates the
CREB, & wr -h time it becomes a transcriptional activator. In contrast, the erbA and jun
proteins L. - ~een shown to behave in a reverse manner, i.e. after phosphorylation the
protein acts as a repressor (Glineur et al., 1990, Boyle et al., 1991). In this regard, the
regulation of the activity of protein kinase A represents a key event in controlling the
activation of these transcriptional factors which themselves regulate specific genes.
Transactivation of factors through phosphorylation and dephosphorylation has
gained a lot of importance recently (Berk, 1989, Jackson et al., 1990, Merino et al., 1989,
Denner et al., 1990, Boyle et al., 1991). Evidence now exists that other postiranslational
modifications such as myristylation occur (Kamata et 2}, 1991). There are also instances
where a nori-cell-type-specific protein can act as a corep.essor or coactivator depending on
the cell type-specific protein with which it acts in combinaton (E2 of bovine papilloma virus
type 1 (Stenlund and Botchan, 1990) and the fos/jun proteins (Rivera et al., 1990)).

Interactions with multiple auxiliary proteins may be required to bring about the positive or

negative activity of that protein.
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To date, four basic models have been presented to explain the various types of
repression found in eukaryotes: 1) repression by steric occlusion i.e. a direct compettion for
overlapping sites between positive and negative transcription factors (seen in regulation of
the al collagen gene (Karsenty and de Crombrugghe, 1990), B-interferon (Goodbourn and
Maniatis, 1988), Igk (Pongubala and Atchison, 1991), CREB (Deutsch et al., 1988,
Goodbourn, 1990) and regulation by glucocorticoids (Akerblom et al., 1988)), 2) factors
that stimulate transcription are held in an inactive form by protein-protein interaction with
repressing factors (such as in the control of cell-type specific genes in yeast {Goodbourn,
1990)), 3) a positively-acting factor may be bound to DNA but have its transcriptional
activating potential masked by association with an inhibitory factor (observed in the
repression of galactose expression in yeast [gal4/gal80 interaction] (Goodbourn, 1990,
Johnson and McKnight, 1989)), and 4) an inhibitor prevents the association of activator
with DNA (IxB/NFxB inte: <ction (Lenardo and Baltimore, 1989, Ghosh and Baltimore,
1990, Urban and Baeuerle, 1990), heat shock transcripton factor (Berk, 1989), CREB

(Berk, 1989), glucocorticoid hormone receptor (Johnson and McKnight, 1989)).

1.4 "Local” versus "general” regulation

Another difficult task linked to the study of transcriptional regulation in eukaryotes is
the integration of these concepts of "local" regulation at the level of chromatin. Indeed,
transcriptional regulation occurs in the context of genomic DNA packaged into multiple
levels of chromatin structure (Kamakaka and Thomas, 1990, Mirkovitch et al., 1984, Morse
et al., 1988). Any change in this conformation will have a direct impact on the
transcriptional activity of a gene (Almouzni et al., 1991). Numerous studies have
demonstrated that sequences immediately upstream from transcribed genes have an enhanced
acce Lo1bility to a wide variety of nucleases such as DNAsel (reviewed in Gross and
Garrard. 1988, Elgin, 1988). Recent reports suggested that hypersensitivity reflects the

local displacement or modifications of nucleosomes over promoter and promoter-proximal
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regions by sequence-specific transcription tactors (Fascher et al., 1990, Bergman, 1986).
In some instances. however, DNAsel hypersensitive regions extend over several kilobases
(kb) of DNA and suggest a structural modification of a whole chromosomal domain (Gross
and Garrard, 1988, Elgin, 1988). This relaxation of higher levels of chromatin is seen as an
obligatory step before the onset of transcription. Likewise, repression appears to be a
consequence of the exclusion of the transcriptional machinery from regulatory regions
following a change in the higher order structure of the nucleosomes (Goodbourn 1990,
*andal et al., 1990).

It has been shown that genomes are compartmentalized into active and inactive
domains. Specific organiser sequences designated SARs for scatfold attachment regions
have been identified recently (Mirkovitch et al., 1984, Goodbourn. 1990, Adachi et al.,
1989). As their name implies, they organize chromosomal DNA into loops of 30-200 kbp
and prevent the spread of the inactive or active domains in the genome. The loops are
attached via sequence-specific DNA-protein interactons to a scaffold structure that lies along
the chromosomal axis (von Kries et al., 1991). SARs appear to be evolutionarily conserved
and are composed of approximately 250 bp DNA sequences rich in A and T residues. These
sequences contain consensus cleavage sites for topoisomerase II, which is a major
component of the chromosome scaffold (Spitzner et al., 1989). SARs have been identified
in a variety of genes and appear to map to DNA segments lying very near enhancer or
silencer regions (Cockerill and Garrard, 1986, Cockerill et al., 1987, Gasser and Laemmli,
1986, Winoto and Baltimore, 1989a). It has been suggested that SARs may bring enhancer-
or silencer-containing genes into a nuclear compartment rich in transcription factors
(Mukherjee et al., 1988, Hofmann et al., 1989). Based on this concept, it was suggested

that genes are turned on or off by creating an environment of active or inactive chromatin in

their immediate vicinity.
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1.4.1 Sodium butyrate as a modulator of the chromatin structure

Sodium butyrate has been shown to modulate the structure of chromatin in many
cell types and to influence the activity of gene loci contained in the targeted regions. An
overview of its effects and mode of action are discussed in this last portion of this section
since Chapter IV will address this issue.

Direct evidence exists for an involvement of sodium butyrate in alteration of
chromatin structure. Early studies have demonstrated that the effect of butyrate is to inhibit
histone deacetylation both in vitro and in vivo (Boffa et al., 1978; Candido <t al., 1978;
Sealy and Chalkley, 1978). An interesting study by Bode et al. (1983) using nucleosomal
core particles from sodium butyrate-treated cells has revealed that hyperacetylation appear
to provide particles with a considerable conformational freedom. Similar results have been
obtained very recently by Oliva et al. (1990) using electron spectroscopic imaging to study
the structure of the nucleosomes. They have shown that hyperacetylation of histone H4
induced by in vivo reatment of HeLa cells in culture with butyrate correlates with the
adoption of an elongated or unfolded shape by the core particle of nucleosomes. It has
been suggested that histone acetylation could change intranucleosomal interactions and
thus provide or remove sites for the binding of histone Hi or other more specific DNA-
binding factors. In other words, acetylation may cause the production of "waves" of
changing chromatin structure which in turn could rapidly and reversibly expose sites in
chromatin domains to DNA binding proteins. It is well known that alterations of histone
structure have considerable relevance to the organization of chromatin and thereof to the
control of gene expression and cell growth (Weintraub, 1984; Reeves, 1984; Ridsdale et
al., 1990).

Butyrate may differentially modify the chromatin of different genes and prevent
them from responding similarly to a common inducer. This suggestion has been given by
Birren and Herschman (1986) to explain why butyrate has distinctly different

consequences, in the same cell, on the dexamethasone induction of two specific mRNA.
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Butyrate does not block dexamethasone induction of metallothionein (MT)-1 RNA
accumulation in rat hepatoma cells but does prevent induction of tyrosine aminotransterase
(TAT) message by dexamethasone. The 11 fold increase hormone-inducton in TAT RNA
is reduced to a 2 fold increase, 8 hours after butyrate addition. Induction by glucocorticoid
hormones may involve different pathways for different genes, with butyrate-sensitive steps
required in some cases. More recently, Bresnick et al. (1990) have provided compelling
evidence that the negative effect of butyrate on glucocorticoid responsiveness of chromatin
templates is due to a modification of the chromatin that prevents promoter activation rather
than due to the inactivation of a factor that is required for transactivation of the MMTV
promoter under study. Their experiments have clearly demonstrated that the nucleosome is
not only a means by which DNA is packaged, but is also an important component of
eukaryotic gene regulation.

Table I.3 lists examples of genes examined following sodium butyrate treatment of
a variety of cell lines. While some genes are strongly stimulated by this agent (¢c-fos (20
fold), c-sis (15 fold) [Tang et al., 1990], multidrug resistance (mdr)-1/P-glycoprotein (25
fold) [Mickley et al., 1989], glucose-regulated proteins (GRP) 78 (80 fold) and 94 (10
fold), Factor VIII (19 fold) [Dorner et al., 1989], adenine phosphoribosyltransferase
(APRT) (38 fold) [Tang and Taylor, 1990]) others are repressed (CDC2, c-myc [Charollais
et al., 1990}, thyrcid receptor 2, growth hormone {Lazar, 1990}) or are indifferent to the
treatment (ras [Tang et al., 1990], B-actin [Lazar, 1990; Rius et al., 1990}, «-tubulin
[Charollais et al., 1990]). In addition, among the genes that show sensitivity to butyrate,
there are considerable variability in the rate of modulation (fos (20 fold after 30 min.)
versus sis (15 fold after 96 hours) [Tang et al., 1990}, mdr-1/P-glycoprotein (25 fold after
24 hours) versus TGFa (10 fold after 48 hours) [Mickley et al., 1989]). In some
instances, changes in specific gene expression reflect an increase or decrease in the rate of
transcription concomittantly with an increase or decrease in the level of protein

(metallothionein-1 {Birren and Herschman, 1986}, cellular retinoic acid binding protein



TABLE 1.3 Modulatory effects of sodium butyrate on endogenous and exogenous genes
in a variety of cell types/lines. 2In cases where no specific fold is indicated, the authors of
the respective studies did not perforrn densitometry analysis to quantitate the modulation of
mRNA and/or protein levels following sodium butyrate treatment. bAbbreviations are:
multidrug-1/P-glycoprotein (mdr-1/Pgp), transforming growth factor-a. (TGF-a), thyroid
receptor B1 or al (TRP1, TRal), pregnancy-specific f1 glycoprotein (PSP1G), cellular
retinoic acid binding protein (cCRABP), adenosine phosphoribosyltransferase (APRT),
glucose-regulated proteins (GRP) 78 and 94, dihydrofolate reductase (DHFR), nerve
growth factor (NGF).
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Cell types/lines

[sodium butyrate] /
length of teaiment

mRMA or protein fold induction
or repression

Reference

Rat glioma cells

Human colon
carcinoma cells

Rat pituitary
adenoma cells

Human placental
fibroblasts

Human foreskin
keratinocytes

Swiss 3T3 cells

Mouse =:  .ro-
leukemic ceils

Mouse 3T3
fibroblasts

Mouse L. cells

CHO cells

Human
promonocytc
leukemic cells

Rat
pheochromocytoma
cells

2.5 mM, 1 1o 4 days

2.0 mM, 6 hrs to 7 day

10.0 mM, up to 24 hrs

1.0 mM, up to 4 days

1.0 mM, 4 days

5.0 mM, 1 1o 7 davs

5.0 mM. up w0 3 days

6.0 mM, 12 hrs

5.0 mM, 2 days

5.0 mM, 24 hrs

1.0 mM, 1 w 5 days

6.0 mM, 30 min. o 24hrs

t fibronectin mRNA2

t collagen mikNA

t sis mRNA, S5x (24 hrs) 15x (96 hrs)
! fos mRNA, 20x (30 min. up to 2 hrs)
no change in Ki-ras inRNA

t mdr-1/Pgp mRNA/protein, 20-25x (24 hrs)
! TGEFo mRNA, (oniy after 2 days)P

} rat growth hormone mRNA, (50%, 6 hrs)
{ thyroid receplor 32, (50%, after 2 hrs)
no change in TRB1, TRal mRNA

no change in B-actin mRNA

no change in c-erbAa2 mRNA

t PSB1G mRNA/protein, 8-12x

! plasma membrane transglutaminase
! ¢ckABP protein, 7x

t c-fos mRNA

t aP2 (adipocyte P2) mRNA
t lipoprotein lipase mRNA
t adipsin mRNA

t a- and §-globin mRNA/protein

{ c-myc mRNA

| cdc2 mRNA

no change in a-tubulin mRNA
no change in c-jun mRNA

t APRT protein, 8-38x

t erythropoietin mRNA, 6x

t Factor VIII mRNA, 10-19x

! von Willebrand factor mRNA, 8x

! adenosine deaminase mRNA, 8x

t GRP-78 mRNA, 50-80x, GRP-94, 8-10X
no change in DHFR mRNA

t vimentin mRNA
no changs in B-actin mRNA

t preproenkephalin mRNA fprotein

t enolase mRNA fprotein

t fos mRNA/protein, 6x (after 30 min.)
t jun mRNA/protein. 6-8x (aftzr 6 hrs)
| tyrosine hydroxylase mRNA/protein
{ NCF receptor mRNA

Tang et al. (1990)

Mickley et al. (1989

Lazar (1990)

Chou et al. (1990)

Schmidt et al. (1989)

Toscani et al. (1990)

Beru et al. (1990)

Charollais et al. (1990)

Tang and Taylor (1990)

Dorner et al. (1989)

Rius et al. (1990)

Naranjo et al. (1990)
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(cCRABP) [Schmidt et al., 1989], y-globin [Perrine et ul., 1989], mdr-1/P-glycoprotein
[Mickley et al., 19891). In other cases, posttranscriptional processes are affected (fos, sis
[Tang et al., 1990], plasma membrane transglutaminase [Schmidt et al., 1989], APRT
[Tang and Taylor, 1990}).

Table 1.3 shows that butyrate has distinctly different consequences in the same cell
on the induction of specific RNAs. Two models have been put forward »o explain such
differences between sensitivity of genes within the same cell. As briefly mentioned above,
the first hypothesizes that butyrate facilitates gene expression by preventing histone
deacetylation. This would freeze the chromatin in an "open" conformation and thus aliow
RNA polymerase II complexes to read through continuously (reviewed in Kruh, 1982).
An alternative model implicates post-translational modifications of cellular DNA-binding
proteins. This could result in alterations of the network of interactions between
transcriptional factors that bind to regulatory regions and consequently change the fate of
gene expression (Partington et al., 1984, Naranjo et al., 1990, Stoddart et al., 1989).
Although direct evidence for such de novo modifications of transcriptional factors has not
been published yet, nuclear proteins such as histones and non-histone high-mobility-group
(HMGQG) proteins have been modified following butyrate addition (Boffa etal., 1581, Levy-
Wilson, 1981).

Clearly, regulation of eukaryotic gene expression at the transcriptional level is a very
complex phenomenon, much more sophisticated than was first anticipated. Most cis-acting
regulatory sequences, such as tissue-specific promoters, enhancers, and silencers are
composed of many individual target elements and hence interact with the products of
multiple trans-acting loci. It is the combinatorial effect of this multitude of factors that
results in the significant up or down regulation of gene expression. This aspect of
eukaryotic gene regulation renders the analysis of expression of any gene more difficult

since it implies that the behaviour of any given regulatory eleme:it will depend upon the
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context in which it is found. The balance between silencer or enhancer accessible binding
sites and available transcriptional factors will undoubtedly be a key element in the

understanding of tissue-specific expression.

2. Regulation of gene expression in T cells

From the moment T cell precursors reach the thymus. they acquire many ditferent T
cell surface molecules that will be crucial differentiating elements. A myriad of genes are
sequentially activated and specifically regulated during this process to allow for proper
homing of the various T ceils to their specific locations and prepare T cells for their eventual
ercounter with the antigens. Most of these genes are lineage-specific and are expressed at
very specific imes during either T cell development or T cell activation. As described in this
section, transcription of most if not all these genes is conwrolled b the activities of nuclear

regulatory proteins that are modulated during these processes.

2.1 Gene regulation during T cell differentation

2.1.1 CD3 genes

The earliest definitive signal of commitment to the T cell lineage is expression of the
CD3 genes (von Boehmer, 1988). The coordinate transcription of the CD3 chain genes
precedes TCR rearrangement and may even occur prior to migration to the thymus (Haynes
et al.,, 1989). The intracellular expressed CD3 v, 8, €, { proteins form a subcomplex 10
which the TCR a and B chains bind noncovalently before the complex can be transported to
the cell surface (Terhorst et al., 1988, Davis, 1990). The delineation of the regulatc
elements responsible for the exclusive expression of the CD3 genes in T cells has be
achieved recently following successful cloning and sequencing of both cDNA and genomic
copies of some of the individual chains.

One interesting aspect of the CD3 genes analysed so far is that none of the CD3

promoters contain a TATA box or a CCAAT box or GC boxes (Tunnacliffe et al., 1986,
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Terhorst et al., 1988). Site-directed mutagenesis experiments are underway to define the
motifs that promote initiation of transcription. Further work is required to determine if

silencers are responsible for repressing the CD3 genes in non-T cells during development.

2.1.1.1 CD39d

A transcriptional enhancer region (approximatively 400 bp in length) was identified
600 bp downstream of the polyadenylation signal. This enhancer was found to be active
only in cells of the T lineage; however, the promoter of CD3 d revealed no tissue-specificity
suggesting that the enhancer located 3' of the gene is the major tissue-specific element
(Georgopoulos et al., 1988). In a second report, Georgopoulos et al. (1990) identified two
cis-acting elements designated A and OB within the 400 bp enhancer region responsible for
mediating the enhancer function. Element A is the major element responsible for mediating
changes in CD3 & gene expression during T cell development. 8B is however required for
full activity of the enhancer. Elements similar to 8A have been found in the TCR « chain
enhancer, where deletion of this sequence destroyed enhancer activity, and also in the
promoter regions of the various TCR B chain genes. Sequences homologous to the 0B
clement have also been detected in the TCR f chain enhancer and in the IL2 promoter
revealing the composite aspect of enhancers. The way in which §B-binding activity
amplifies the 6A ,.cior-activating potential is unclear at this point, although it has been
suggested that posttranscriptional modifications taking place during T cell development may

confer higher affinity and activity to the A factor.

2.1.1.2 CD3 ¢

As is the case with the other CD3 genes, the CD3 € gene is expressed uniquely in all
cells of the T lymphocyte lincage. A T cell-specific enhancer (320 bp) was found 12 kb
downstream of the last exon and coincided with a CpG island and a T cell- specific DNAsel
hypersensitive site (Clevers et al., 1989). The CD3 ¢ enhancer could be divided into three

functional domains: the most 3' 125 bp were indispensable for activity and functioned as a 5
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to 10 fold T cell-specific enhancer: two domains were located 5 to this core. cach acted as a

two fold "amplifier”, but by themselves were inactive.

One interesting aspect of the CD2 genes analysed so far is that none of the CD3
promoters contain 3 TATA box or a CCAAT box or GC boxes (Tu.naclitte et al., 1986,
Terhorst et al., .v88). Site-directed mutagenesis experiments are underway to define the
motifs that promote initiation of transcription. Further work is required to determine if

silencers are responsible for repressing the CD3 genes in non-T cells during development.

2.1.2 CD2 gene

The cell surface glycoprotein CD2 is found exclusively on T lvmphocytes. Its
presence is first detectable shortly after the entry of progenitor cells into the thymus and
thereafter it is found on over 95% of thyinocytes and on all peripheral T cells (Terhorst et
al., 1988, Davis, 1990). Lake et al. (1930) have 1lentified an enhancer region (550 bp in
length) in the 3'-flanking sequences that maps to the dominant control region (DCR) of the
CD2 gene and consists of six cis-acting sequence motifs. A footprint over one element
defines a canonical cAMP responsive element (CRE), a target for a binding protein induced
by increased levels of intracellular cAMP (CREB). Lake's report has also indicated that in a
transient assay, the CD2 enhancur fused to the herpes virus thymidine kinase promoter is not
functional in HeLa cells but is active at a low level in B cells. This result demonstrates that
the enhancer is probably not i1e complete mediator of tissue-specific gene expression and
that absolute specificity requires the presence of the CD2 promoter sequences. Another
suggestion thar has been given is that the region of chromatin in which the CD2 gene is
situated contributes to the tissue-specificity of expression. These conclusions are consistent
with and complementary to the finding that a 5.5 kb fragment at the 3'-¢nd of the human
CD2 gene (28 kb) confers high level, position-independent gene expression in transgenic

mice (Greaves et al., 1989). The CD2 3'-flanking region and more specifically the DCR
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contains both topoisornerase [I and matrix attachment region consensus sequences as well as
an A-T rich region characteristic of scaffold attachment. These have been involved in
chromatin structure and assembly and have been strongly impiicated in the formation of
active chromatin (Adachi et ai., 1989, Spitzner et al., 1989). It is possible that the activity

that defines the DCR is an intrinsic property of the CD2 enhancer.

2.1.3 7T cell receptor genes

The predominant T cell form that develops in the thymus carries an antigen receptor
compesed of a and BB chains. A minor population of mature T cells, constituting 1-5% of
those in the periphery, exprass distinct heterodimeric ¥ TCRs. The control of TCR gene
rearrargement and expression is particularly perplexing bacaase a single locus contains the
genes for both the TCR a and & chains (Davis. 1988, 1990). During T cell untogeny, the 7y
and 8 TCR genes are rearranged 2nd expressed first. T cells expressing the afd receptors
appear later. A" intricate developmental control must exist in thie o/0 locus so that the two
genes can be e pressed in different sets of T cells and be acavated at different times during T

cell development.

2.1.3.1 TCR «

xpression of the human and murine TCR o genes is regulated ov very similar
erhancers (220 bp in length) lccated 4.5 kb 3" v the constant gene segments {Winoto and
Baltimore, 1959b). The human TCR a enhancer is required for high level tanscription
from a TCR promoter ang is active only in TCR a/3* T cells. The core enhancer has been
locatized to a 116 bp fragment that contains two nuclear protein binding sites, Tal and Ta2,
both of which are required for full enhancer activity (Ho et al., 1989). Tal contairs a
consensus CAMP resporns: element (CRE) and binds a set of ubiquitously expressed CRE
binding proteins. Ta?2 on ihe other hand, is bound by the Ets-1 protein ¢t a 17 bp sequence

at the 3'-end of the element (Ho et al., 1990). Ets-1 is a nuclear protein encoded by the
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murine ets-1 gene which shows strong amino acid sequence similarity 1o the v-cts oncogene
product of the aviun E26 leukemia virus (Karim et al.. 1990). Ers-1 is expressed
preferentially in cells of the T and B lymphocyte lineages. The human TCR « enhancer is
however T celi-specific. Therefore, it seems unliksly that Ets-1 alone is responsible for the
T cell-specific activity of this enhancer. A recent report showed that Ets-1 binds to the Ta2
stte in co’ cert with additional transcriptional regulatory proteins (Ho e al., 1990). If the
expression of the auxiliary proteins were restricted to T cells, binding of the Ets-1 protein
complex might be relatively T cell-specific. This represents another example of
combinatorial regulation of gene expression.

A series of experiments by Winoto and Baltimore (19892a) provided further
information on the intricate controls in place to prevent TCR o chain gene expression in ¥ T
cells. They found that the minimal o enhancer is active in vitro in the Y8 T cell lineage but
gained af} lincage specificity through negative cis-acting elements 3' of the Cu gene vhat
silence the eshancer in vivo in ¥ T cells. These sequences were shown to abolish the
activity of other er.hancers in other cells but allow the a enhancer to function only in the
context of af T lineage. The sequences of both silencers revealed several regions that are
homologous to the consensus scaffold binding +..e and a consensus topoisomerase 1
binding site (Spitzner et al., 1989). These sequences ™ay restrict the genes in a chromatin

conformation not favorable for transcription (as discussed previously in section C.1.4).

2.1.32 TCR 3

An enhancer was found 7.5 kb 3' of Cf32 that has a T cell-specificity and binds two
purified IgH chain enhancer factors (McDougall et al., 1988). Further analysis performed
by Diamond et al. (1989) mapped the positive regulatory sequences within = 230 bp size
DNA fragment. Another study performed by Anderson et al. (1989) which focused on V3
promoter sequences, revealed a well-conserved decanucleotide sequence {AGTGACATCA)

positioned at approximately 70 bp relative to the transcription start site. This motif is
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required for high level expression of the V3 gene and functions in vitro as a high affinity site
for a well characterized wanscription activator, CREB. These results have been confirmed
by Ratanavongsiri et al. (1990). It has been suggested that tissue-specificity of the TCR
gene could be achieved through protein/protein interactions under the influence of the 3'-

enhancer.

2.1.33 TCR ¥y

Although Cy1 and other Cy genes are rearranged in most peripheral af8 T cells, the
corresponding transcripts are usually absent. Transcriptional regulation may play an
important role in the developmental decision between aff and 0 lineages. By analogy to the
TCR o and B genes, Spencer et al. (1991) recently identified a tissue-specific transcriptional
enhancer located 3 kb downstream of Cyl. In additon, cis-acting regulatory elements
flanking the enhancer have been shown to suppress yexpression in af3 T cells (Ishida et al..
1990). These elements are very similar to the cis-acting elements that prevent a gene

expression in y0 T cells

Section 2.1 . . 1o an nteresting feature of the genes that are expressed during the
maturation of T cells in the thymus: the presence of the sequence TGATCATCA, binding
site for the AP1 protein (jun-related family) and the CRER (cAMP responsive element
binding) protein. The CD39, CD2, TCRa, T'CR{} genes all contain this recognition block.
Understanding the molecular events that induce expression of T cell-specific transcription
factors such as AP1 and CREB will eventually lead to the signals that initiated the cascade of

events during T cell development.

2.2 Gene regulatior. during T cell activation
Resting human peripheral blood T cells are metabolically quiescent. DNA synthesis

is undetectable and rates of RN/ and protein synthesis are low (Unanue and Benecerraf,
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1984, Cohen et al., 1990). When they are activated with antigenic or mitogenic stimulation,
a complex cascade of biochemical events occur that eventually resalts in cell proliferation
and the acquisition of immunologic competence (see section A 3). More than 100 molecules
are specifically regulated during this process (an overview is presented in Table 1.4)
(Crabtree, 1989, Ullman et al., 1990). These regulatory events begin within minutes of
contact with antigen and continue for at least 10 days. The role of these secondary events in
conveying a signal to the nucleus is not clear. One popular strategy taken by nuny
investigators to answer this question is the so called "reverse” approach (Ullman et al.,
1990). By understanding how gene regulatory proteins are regulated. information can be
obtained on the nature of the connection berween the cell membrane and the nucleus. A few

of the genes activated upon antigen stimulation will be discussed in this section.

2.2.1 Intericukin-2 gene

Regulation of the IL2 gene has been th: (v - of ‘niensive investigation as its
expression is pivotal to T cell activation. IL2 istvui -0 5o T helper cells only after the
cell receives two independent signals 1) speciiic - -7 wcuvauon by antigen-presenting cells

in the context of MHC 1r.j 2) binding of cytokines produced by activated macrophages in a
non-MHC dependent interaction. These signals are thought 1o potenuate calcium and protein
kinase second messenger resporses. The integration of these multiple signals results in the
transcriptional activation of the IL2 gene and is mediated by the binding of several factors to
an enhancer between -319 and -52 relative to the start site (Fujita et al., 1986, Siebenlist et
al., 1986, ‘iirman et al., 1990).

The binding of one factor, NFAT-1 (nuclear factor of activated T cells) to the 1L.2
sequences -286 to -257, is closely correlated with the activation of IL2 transcription
(Crabtree, 1989, Ullman et al., 1990, Arai et al., 1980}, NFAT-1 binding activity, found
only in activated lymphoid cells, is strongly induced within 20 minutes after stimulation of T

helper cclls and precedes IL2 mRNA production by 20 minutes. Induction of NFAT-1



TABLE 1.4 An overview of T lymphocyte activation molecules. The categories are
based on an analogy to viral gene expression. Immediate events are independent of protein
synthesis; early events require protein synthesis (data not always available) but precede cell
division, and late events occur after cell division. Time refers to the earliest ume that the
molecule can be detected or that an increase could be measured. A/NA refers to the relative
levels in activated versus nonactivated cells at peak induction. In some cases this data was
not available since only fluorescent intensity was measured. Location refers to the location
of the molecule within the cell: N, nuclear; C, cytoplasmic; M, cell membrane; S,
secreted. NFAT-1 and NFxB are both wanscripaon faciors required in activauon of many
T cell genes. SAM, S-adenosylmethionine; GM-CSF, granulocyte-macrophage colony
stimulating factor; CCP1, CCP2, cytotoxic cell protease 1, 2 and their alternative protein
names granzymes B, C; HF Hanukah factor or granzyme A.
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Name Time Location Ratio (A/NA)
Immediate
c-fos 15 min N >100
NFAT-1 20 min N -S0
c-myc 30 min N 20
NFxB 30 min N >10)
Early
y-interferon 30 min S >100
Interleukin-2 45 min S >1000)
Ornithine decarboxylase ¢ hr C 10
c-abl I hr cM/C ~10
SAM decarboxylase i hr C 5
Insulin receptor 1 hr M 3
p561cK lymphoid cell kinase | hr CM 1/4
Transforming growth facter § <2 hrs S >10
Actin 2 hrs C 3
IL2 receptor a 2 hrs M >50
.3 1-2 hrs S >100
Lymphotoxin 1-3 hrs S >100
Cyclin 4-6 hrs C >10
IL4,ILS, IL6 <6 hrs S > 100
Transferrin 6-8 hrs S ?
Transferrin receptor 14 hrs M 5
c-myb 16 hrs N 104)
Glucocorticoid receptor 20 hrs N 5-6
GM-CSF <20 hrs S ?
Galactosyltransferase 21 hrs M 12
Neuraminidase 24-48 hrs C 5
Histone H3 24-48 hrs N >10
Late
CCPl/granzyme B 2 days ? >100
MHC class I1 3-5 days CM >100
HF/granzyme A <5 days ? >100
CCP2/granzyme C <S5 days ? >100

This table was derived from Ullman et al., 1990.
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binding activity is dependent on de novo transcription and translation. Drugs that block the
induction of NFAT-1 binding activity, such as cyclosporin A or transiation inhibitors, also
block IL2 transcription. Deletions in the NFAT-1 binding site that abolish NFAT-1 binding
reduce reporter gene expression in transient transfection assays to 5-30% of wild type
activity. Collectively, these results suggest that the gene encoding NFAT-1 is one of the
first genes induced as part of a complex pathway of differentiation leading to T cell
immunologic function.

Another nuclear factor (NFIL2A) was identified which binds to IL2 enhancer
sequences between -93 to -63. As opposed to NFAT-1, this factor is present in nuclear
extracts of both activated and resting T cells. NFIL2A protein both suppresses expression
from the IL2 promoter in nonactivated T cells and activates it after cells are stimulated via the
TCR. This factor has recently been demonstrated to be indistinguishable from the
ubiquitous octamer binding protein OCT1 which belongs to the family of proteins containing
a homeodomain. They also contain the so-called POU domain identified in a number of
tissue-specific and developmentally-specific transcription factors (Ruvkun and Finney,
1991). The 20 minute delay between the appearance of NFAT-1 and the first detection of
1.2 mRNA may reflect the assembly of some form of functional complex. The observation
that deletion of either the NFAT-1 or the NFIL2A site abolishes most of the activity of the
IL2 enhancer suggests that two sites cooperate for full activity; however, each protein binds
independently.

Three other footprints were detected in nuclear extracts of activated T cells within the
enhancer region and presumably identify distinct protein binding sites (-208 to -188, -185 to
-177 and -154 to -145). Sequences between -185 to -177 and -154 to -145 represent two
separate binding sites for an element common to many genes that are transcriptionally
induccd by phorbol esters, namely the TPA responsive element {TRE). This sequence
element TGAGTCA is recognized by the transcription factor AP1 which is encoded by the

cellular protooncogene c-jun. Deletion of the AP1 site from the [L.2 enhancer reduces the
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response of the enhancer to PMA stimulation in a number of T cell lines tested. A tfunctional
AP1I site in the IL2 gene suggests that the control region of the gene is a mosaic of elements
that responds to signals emanating from the antigen receptor and to signals initiated with the
activation of protein kinase C. Thus, signals initiated through two cell membrane receptors
may be integrated at the level of the responsive gene. Sequences between -20% to - 188
correspond to an NFkB binding site. Deletion and mutational analysis involving this site
have led to contlicting results as to its importance in IL.2 enhancer function. Whether this
site contributes to the PMA requirement for IL2 induction or whether other PMA responsible
factors carry this functon remains to be elucidated.

Analysis of deletion mutations suggests that all the protein binding sites must be
occupied to allow activity of the IL2 enhancer. Thus a highly cooperative interaction must
occur between the various binding proteins. One implication of the requirement for full
occupancy is that signals that activate only one of the enhancer elements will not give rise to
transcription of IL2. This may in part account for the requirement of two signals for T cell
activation. Activation of transcription factors such as APl or NFxB following PMA
induction does not activate IL2 transcription. Likewise, activation of NFAT-1 by triggering
the antigen receptor alone does not activate IL2 transcription. However, both stimuli lead to
activation of each of the essential transcription factors and presumably initiate 1.2 gene
transcription.

A recent report has indicated that both murine and hiuman L2 5'-flanking regions
share 86% identity from position -580 to -1 (Novak et al., 1990). Other regulatory factors,
as yet unidentified must interact with sequences upstream from -320 (which comprises the
pre*iously ideniified enhancer) since there must be selective pressure to keep these regions
so similar. The high degree of homology in the sequences between known sites suggests
that some factors may bind very close to one another or even overlap in their DNA
recognition specificity. Further examination has revealed the presence of positive elements

in the region between -351 to -578. These sequences were not required for promoting the
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expression of the murine or human IL.2 gene. However, certain deletions in this portion of
he gene dramatically reduce expression from the IL2 promoter even when the binding sites
for NFAT-1, NFkB, NFIL2A (OCT1) and AP1 were intact. Other potential positive and
negative regions have been mapped further upstream -1890 and -750. These distal
regulatory elements appeared to be capable of modulating levels of expression but not of
activating expression autonomously.

A very interesting aspect of the IL2 gene enhancer regulation has been revealed
recently by Fraser et al. (1991) who showed that stimulation of the IL2 gene via the CD28 T
cell adhesion receptor induces the formation of a different protein complex over the IL2
enhancer regions along with a distinct set of binding sites. Clearly. the signals transduced

from the CD28 receptor differ from those of the TCR.

Activation of the IL2 receptor (IL2R) gene expression is also essential for
commitment to cell division and immunologic function (Crabtree, 1989, Ullman et al.,
1990, Waldmann, 1991). High affinity binding of IL2 to its receptor involves a trimolecular
interaction among IL2 and two cell membrane-bound polypeptide chains a (p55) and f
(p70-75) that constitute the complete receptor. Both IL2Ra and IL2R[ chains are capable of
binding IL2 however, the [ chain is alone responsible for driving the intracellular IL2 signal
transduction pathways.

High affinity IL2 receptors are rapidly induced during the course of T cell activaticn.
Since some resting T cells constitutively express IL2R[3 chain, the transcriptional activation
of IL2Ra gene is important to both the regulated display of high affinity IL2R and T cell
proliferation. Cell surface expression of IL2Ra can be induced by a variety of stimuli,
including antigens and the nonspecific mitogens phytohemagglutinin (PHA) and PMA. The
macrophage-derived cytokine, TNFa has also been shown to induce ILL2ZRo gene expression

(Lowenthal et al., 1989, Meyer et al., 1991). Systematic deletion and site-specific
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mutations of the 5'-flanking region of the IL2Ra gene have led to the identification of an
important regulatory element located between nucleotides -267 and -256 which is required
for the mitogenic activation of this gene (Bohnlein et al., 1988). A more recent report has
shown that an NFkB factor in association with another protein as yet to be characterized
bind tc this DNA sequence element (Bohnlein et al., 1989). PMA alone was sutficient to
activate expression of these DNA binding proteins in T cells which indicates that a
phosphorylatdon reaction involving protein kinase C may play a role in the posttranslational
regulation of these trans-acting factors.

More recently, studies performed by Pomerantz et al. (1989) have indicated that a
second sequence element located approximately 10 bp 3' to the NFxB site is required for
optimal induction of the IL2Ra gene. This element bears considerable homology to the
consensus-binding site of the transcription factor Spl. Competition for the nucleoprotein
complex formed on the TL2Ra promoter by Spl-binding sites from the SV40 promoter
further supports the notion that a protein with a similar sequence specificity as Sp1 can bind
to this sequence. The presence of these ubiquitous transcription factors highlights the
diverse possibilities for gene regulation attainable by appropriate juxtaposition of binding
sites for inducible and constitutive transcription factors.

Besides NFxB and Spl-like sites, the S'-flanking region of IL2Ra gene contains a
negative regulatory element (NRE) between -471 and -317 (Smith and Greene, 1989). A
nuclear factor of 50 kDa has recently been identified as the binding protein for NRE. NRE
appears to require additional specific cis-acting elements to effect its negative potential.
Analogous to the IL2 gene, the activation of the IL2Ra gene following various stimuli (such
as TNFoa or PMA) involves the induced expression of at least two distinct DNA binding
proteins that interact specifically with the kB-like element present in the IL2Ra promoter. It

has been shown that these proteins are regulated posttranslationally.
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The isolation of cDNA clones for the IL2RB chain gene has just recently been
achieved (Hatakeyama et al., 1989). The ranscriptional regulation of this impostant

polypeptide awaits further investigation.

Both IL2 and IL2R gene expression could be under the influence of c-fos and ¢c-myc
gene activation. Indeed, both protooncogenes are rapidly induced after interaction of the
TCR with antigen. Although their expression is not T cell-specific, thev could panticipate in

the cascade of events that lead to tie stimulation of transcription of the essential IL.2 and

IL2R genes.

2.2.3 "Early” and "late” genes

The activation of at least two "early” genes (whose transcription requires protein
synthesis but precedes cell division) have been found 1o be contingent on prior expression of
IL2. By blocking the IL2R with an antibody, it has been demonstrated that the interaction of
IL2 with its receptor is required for expression of the mRNA for c-myb and the transferrin
receptor (Stern and Smith, 1936, Pauza, 1987, Neckers and Cossman, 1983). It has been
suggested that these two genes contain sequence elements that bind transcription factors
which respond to signals transduced by the IL2R. Their S'-flanking regions could also
present IL2 responsive sequence elements.

Expression of the so called "late" genes (whose transcription requires protein
synthesis and takes place afier cell division) such as perforin and CCPs in CTLs also require
IL2 (added exogenously in culture) to be expressed. The same aciivation mechanisms as
above can be envisaged i.e. that these genes contain L2 responsive elements which provide
a site for the direct binding of IL2 or that the factors responsible for their activation are
somehow affected by the signals that are wansduced from the IL2R. These various

possibilities remain to be examined.
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Of the numerous regulatory mechanisms that have been identified in eukaryotes,
none has been shown to affect the immediate early and early gene activation more than the
transcriptional controls. In order to establish causal relatons between cell membrane events
and the activation of genes in the nucleus, it will be essential to understand how the proteins
binding to the antigen receptor response elements are activated to initiate transcription of
early genes such as IL2 and IL2R. Knowing the biochemical events involved in the
activation of these proteins will provide an understanding of .ne pathways transmitting
signals from the antigen receptor to genes responsible for T cell proliferation and the
acquisition of immune function. Eventually, one will be able to establish the contingent
relations among the known gene activations to det:mrine how the process is temporally

nrdered and how late functions such as cytotoxicity are controlled.
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D. THESIS OBJECTIVES

A lot of evidence has accumulated that implicate CTL-specific serine proteases or
CCPs in cell-mediated cytolysis. The genes that encode them have been shown to be
activated upon T <ell stimulation both in vitro and in vivo but the control(s) behind their
temperal and T cell-specific expression remain(s) unknown. While the focus of many
laboratories in the past five vears has been on defining the substrates of the CCPs,
producing antibodies ag:inst such proteins, or looking for other members of this
superfamily, the mechanism(s) of transcriptional activation of the genes that encode these
specialized enzymes has been neglected. One major reason for this was the difficulty in
introducing exogenous DNA molecules into CTL clones. Therefore, the first step toward
the identification of the regulatory elements of CCP1 (C11) and CCP2 (B10) was 1o
establish a reproducible and efficient transfection protocol for CTLs which comprises
chapter II of this thesis. A comparison of the regulatory DNA sequence elements found
within the 5'-flanking region of both C11 and B 10 was then established and is presented in
chapter III along with a preliminary topographical map of the 5'-end for both genes. The
last chapter describes the mapping of sodium butyrate-sensitive sequences within the 5'-
flanking regions of C11 and B10 genes. Thus, the work described herein centers on the
comparison of the transcriptional regulation of tws of the closely related serine protease

genes, namely C11 and B10.
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CHAPTER 1II

FACTORS INFLUENCING TRANSIENT EXPRESSION IN CYTOTOXIC
T CELLS FOLLOWING DEAE DEXTRAN-MEDIATED GENE TRANSFER!

A. INTRODUCTION

Using reverse genetics it is now possible to alter the phkenotype of a cell at will.
However, in order to achieve this, it must be possible to introduce the gene of interest into
the recipient cells. For many standard cell lines efficient transfection protocols have been
worked out. Unfortunately, not all cell types are amenable to these standard regimens.

Cytotoxic T lymphocytes piay a major role as effectors of cell mediated immunity.
It is certainly appealing to imagine using reverse genetics with these cells in order to gain
some therapeutic advantage. However, very little work has been reported on transfection
efficiency in this most interesting cell type. In addition, the development of such a method
would be a most useful tool to aid in the delineation of the elements that control expression
of CTL-specific genes and thus understanding CTL activation.

Successful stable transfection of a variety of T cell lines has been reported using
electroporation (helper T cell clone (1), T cell hybridoma (2), thymoma cell lines such as
EL4 and BW5147 (3, 4, 5), T cell tumor lines such as Jurkat (6, 7)), protoplast fusion (T
lymphoma cell line (8), T cell hybridoma (9), T cell clone (10,11)), calcium phosphate
coprecipitation (T cell lymphoma (12), T cell leukemia cells (13)), DEAE dextran (T cell
clone (14), peripheral blood lymphocytes (15)) and retroviral vectors {T lymphocytes (11),
tumor-infiltrating lymphocytes (16), glioma-specific CTLs (17)). In addition, many
investigators have reported significant transitory expression in T cell tumnor lines such as

Jurkat (18, 19), thymoma cell lines (20, 21), T leukemia cells (22), HIV-1 transformed T

! A version of this chapter has been published. Frégeau, C.J. and Bleackley, R.C. (1991).
Somauc Cell Molec. Genet. 17:239-257.
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cell clones (23) using the DEAE dextran-mediated gene rranster method. Short term
transfection of peripheral blood lymphocytes and . “ew T lymphoma cell lines have been
achieved by electroporation (24, 25). There has been one report describing transient
expression of a ransfected gene in a murine cytotoxic T cell clone (10) and one describing
itin a human T leukemia cell line using protoplast fusion (26). Thus, there is paucity of
information on transfection of non-transformed cytolytic T cell clones.

In an attempt to define the best method for transfection of cytotoxic T cell lines, we
tried a number of different protocols such as electre: - sration (27), lipofection (28), calcium
phosphate coprecipitation (29), polybrene-assisted gene transfer (30) and DEAE dextran-
mediated transfer (20) and its variants (31,32). The latter protocol gave significant levels
of cat transcription usirg pRS Vcat as the standard expression vector. We have ascertained
the critica! parameters to obtain optimal transfection efficiency in an adherent cytotoxic cell
line MTL 2.8.2. In addition, we show that the adapted DEAE dextran procedure is
sufficiently sensitive to allow detection of cat activity driven, not only by strong viral
promoters but also and most importantly, by CT L-specific gene promoters. A comparison
of the strength of two of our CTL-serine protease promoters to those of other viral

promoters (RSV, $V40) and other cellular promoters (fos, tk) is presented.
B. MATERIAL.S AND METHODS

1. Cell lines and culture techniques

The cytotoxic T cell line MTL 2.8.2 was generated from CBA/Balb/c mice as
described previously (33). Itis an IL2 dependent cell line that can proliferate in the absence
of antigen. These cells were cultured in RPMI 1640 medium (Gibco Laboratories, Life
Technologies, Inc., Grand Island, NY) supplemented with 10% (v/v) fetal calf serum
(Gibco) and 100 uM of B-mercaptoethanol. This is referred to as RHEM medium. MTL

2.8.2 cells were maintained in RHFM containing 30 units/ml of recombinant human IL2.
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2. Plasmids and their preparation

Plasmids used were obtained from several investigators: pRS Vcat (34) and pSV 2cat
(35) from R. Aubin (Health and Welfare, Canada), pA10cat2 (36) from P. Leder
(Harvard), pTKcat from R. Miksicek (Heidelberg) and pFCA56 (37) from W. Leonard
(National Institute of Health, U.S.A.). The construction of pB10cat and pC1l1cat was as
follows: the 5'-flanking regions of the mouse CTL-serine protease B10 and C11 genes
(38) were excised using Pst1/Accl and Taql/Avall respectively and inserted directly into
PGEM Icat at the Pstl1/Acc] restriction sites or indirectly in the Smal site of pGEMZ2cat
after polishing the ends with E. coli DNA polymerase 1 (large fragment) as described in
Davis (39). The pGEMcat vectors were obtained by introducing the BamH 1/HindIII cat-
splice-polyadenylation cartridge of pSV2cat, blunt-ended using E. coli Klenow fragment,
into the Pvull site of either pPGEM1 or pGEM2 plasmids (Promega Corporation). All
ligations were done at 14°C for 18 hours as detailed in Davis (39).

Plasmid stocks were propagated in E. coli strain DH50. and isolated using the
alkaline lysis procedure of Bimboim and Doly (40). With careful manipulations, avoiding
mechanical vortexing at any step, we routinely obtained preparations consisting of more
than 90% form 1 (covalently closed circular, supercoiled) DNA molecules, free of
contaminating bacterial chromosomal DNA, RNA and other host cell components. This
transfection grade DNA ensured both consistency and optimal levels of gene expression in

transient assays.

3. Transfectdon protocols

Based on the DEAE dextran gene transfer technique of Fujita (20) and taking the
modifications of Gopal (31) and Sussman and Milman (32) into consideration, we have
adapted the dextran method for cytotoxic T cells as follows: two days prior to gene
transfer, mid-log MTL 2.8.2 cells were seeded at 4 x 10 cells/ml or 1 x 106 ceils/75 cm?2
flask in RHFM supplemented with 30 units/ml of recombinant human IL2. Cells were then
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collected using PBS/EDTA (20 mM). The density at harvest was 3.75 to 4 x 100
cells/flask. The cell pellet was washed twice with serum free medium and 1.25 x 107 cells
per sample were dispensed in 17 x 100 mm polypropylene tubes (Fisher). Each cell pellet
was resuspended in 1 ml of transfection buffer (0.5 ml of TBS: 25 mM Tris-HCI, pH 7.4,
137 mM NaCl, 5 mM KCI, 0.6 mM Na>HPOg4, 0.7 mM CaCl>, 0.5 mM MgCl> and 0,5
ml of serum free medium) to which 500 ng/ml of DEAE dextran was added (stock: 100
ug/ul made in dHO and filter sterilized) then 10 pg of appropriate plasmid form 1 DNA.
The samples were mixed gently. DNA adsorption was set at room temperature in the
laminar flow hood for 15 minutes. The cells were then rinsed with 10 ml of serum free
medium and spun at 1200 rpm for 5 minutes at room temperature. This washing step was
repeated one more time. Cells were finally resuspended in 3 mi of RHFM + IL2 (30
units/ml). Each sample was dispensed in three 100 mm dishes containing 11 ml of
complete medium RHFM + IL2 + 7.5 mM sodium butyrate (Sigma, made up as a 500 mM
stock in serum free RH medium, filter sterilized) and were incubated for 12 hours at 37°C
in 5% CO; atmosphere. The medium was then gently aspirated, each culture was fed fresh
growth medium and was incubated for a further 36 hours before harvest.

Whenever stated the permeabilization with DMSO was performed as follows:
immediately after adsorption, DMSO (Spectranalysed, UV cutoff at 262 nm: Fisher
Scientific Co.) was added dropwise to the cells to achieve the desired final concentration
(v/v). Special care was given to mix the solution between each drop addition. The cells
were left in the laminar flow hood (room temperature) or placed in a 37°C/5% CO,
incubator for the indicated lengths of time. The cells were then washed as indicated earlier
and resuspended in 3 ml of complete medium before being dispensed into three 100 mm
plates containing 11 ml of complete medium.

For the treatment with chloroquine diphosphate, MTL2.8.2 cells were transfected
with 10 pg of pRSVcat DNA using 500 ng/ml of DEAE dextran for 15 minutes at room

temperature. They were then washed as indicated earlier and finally resuspended in 3 ml of
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complete medium i.e. RHFM + IL.2 (30 units/ml) supplemented with 25, 50, 75 or 100 ThY |
of chloroquine diphosphate (Sigma, prepared as a 5 mM stock in serum free RH medium)
and left at 37°C in a 5% CO3 incubator for 1, 2, 3 or 4 hours. Cells were then washed
twice with fresh medium then resuspended in complete medium and incubated for 48 hours
before collection.

For optimization of the sodium butyrate concentration, MTL2.8.2 cells were
transfected as described above and the final cell pellets were resuspended in 3 mi of
complete medium supplemented with 1, 2, 3, 4, 5, 7.5 or 10 mM sodium butyrate (Sigma,
made up as a 500 mM stock in serum free RH medium, filter steriiized) and left at 37°C in
a2 5% CO3 incubator for 4 hours (in 17x100 mm tubes) or 12 hours (in 100 mm plates).
Cells were then collected and washed twice with fresh medium then resuspended in
complete medium and left at 37°C in a 5% CO» atmosphere for 48 hours or 36 hours

before harvest.

4. Cat enzyme assay
MTL 2.8.2 cells were processed for cat assays as follows: dishes were washed once
with PBS to remove dead cells (floaters) and cells were harvested using PBS/EDTA. Each
cell pellet was resuspended in 1 ml PBS and collected by centrifugation (12,000 g for 2
minutes at room temperature) in a 1.5 ml capacity microcentrifuge tube. Samples were
usually snap frozen on dry ice and kept at -20°C.
Crude extracts were prepared in 0.1 ml or 0.15 ml of 0.25 M Tris-HCI pH 7.8 +
0.5 mM PMSF (phenylmethylsulphonylfluoride) by subjecting cell pellets to three cycles of
freezing on dry ice for 5 minutes and thawing in a 37°C water bath for 5 minutes.
Extraction of the soluble protein fraction conraining the cat enzyme was facilitated by
vortexing the broken cells for 30 seconds after each cycle. In addition, broken cells were
subjected to 20 strokes of pellet pestle (BDH). Following removal of the cell debris by

centrifugation (12000 g for S minutes at 4°C), the concentration of protein in the lysates
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was determined using the Bio-Rad protein assay. Catenzymatic acuvity was determined
based on a protocol described by Gorman et al. (35). Samples for a particular series of
conditions were always transfected at the same time using the same DNA preparations. An
€qual amount of protein (usually between 100 to 200 ug) from each culture was incubated
with 0.014 pCi of 45 mCi/mmol, 0.1 mCi/ml [1*C]chloramphenicol (DuPont/NEN
products), 4 mM acetyl coenzyme A (Pharmacia) and 0.5 M Tris-HCl pH 7.8 in a final
volume of 150 ul at 37°C for 4 hours to obtain sufficient acetylation to be easily quantitated
and still be in the linear portion of the kinetics of chloramphenicol acetylation. Reactions
were extracted with 1 ml of ethyl acetate. Extracts were dried under heat and vacuum for
30 minutes, suspended in 25 pl of ethyl acetate, spotted on thin-layer chromatography and
developed in a solution of 95% chloroform /5% methanol.

Reaction products were visualized by autoradiography at room temperature and the
radioactivity in acetylated and unacetylated spots was quantified by liquid scintillation
counting. Results are given in percent conversion of chloramphenicol to its monoacetylated

forms. Values reported here represent the mean of three or more independent wansfections.

5. Dot blot analysis

Low molecular weight DNA was recovered from transfected MTL 2.8.2 cells
following the Hirt procedure (41). Dot blot analysis was carried out on DNA from Hirt
extracts fixed to nylon membranes (Hybond-N, Amersham Ltd.) by filtration through a
multiwell minifold (Schleicher & Schuell, Inc.) as recommended by Amersham Lid.
(Technical Bulletin P1/162/85/1). Hybridization of the blots was performed at 42°C under
stringent conditions (50% formamide, 5X SSC (1X SSC: 15 mM sodium citrate, 150 mM
NaCl, pH 7.0), 5X Denhardt's solution, 0.1% SDS, 50 mM phosphate buffer pH 6.5, 1
mM NaPyPOgs, 100 uM ATP, 2.5 mM EDTA) to [32P]nick-translated pRS Vcat plasmid (1
x 108 cpm/ug). Membranes were washed under high stringency in 0.1X SSC/0.1% SDS
at 56°C and exposed to Kodak XAR-5 film for one day at room temperature.
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6. Cell viability

As an indicator of cell viability at 48 hours post-transfection (ime at which cells were
collected tor transient cat gene expression assays) the cells were washed with PBS once
and checked for their ability to exclude the eosin dye using phase contrast microscopy.

Enumeration was done with a hemocytometer.
C. RESULTS AND DISCUSSION

1. Narrowing down the transfection strategies

There have been very few reports on transient gene transfer in cytotoxic T
lymphocytes and our preliminary experiments using a number of standard transfection
protocols with the cytotoxic cell line MTL 2.8.2 indicated that it would be problematic.
The results summarized in Table II.1 represent the levels of cat activity obtained with
pRSVcat introduced using standard conditions for the various gene transfer strategies
tested. MTL 2.8.2 cells were electroporated following the protocol described by Potter et
al. (27). The BRL Cell-Porator M Electroporation System was used to deliver the electric
pulses (400-1000 V/cm). Various conditions were also tried following the BRL booklet of
guidelines for electroporation, i.e. varying pulse length, field strength, electroporation
buffer, temperature at which electroporation is performed, length of recovery in the
electroporation buffer after ransfection. Lipofection of the same cells was attempted using
the BRL Lipofection kit and their guidelines based on Felgner et al. (28). Since no basic
protocol was available for T cells or B cells at the time, a number of conditions were tried
varying the concentration of lipofectin, DNA, cell density, temperature at which adsorption
was taking place and length of adsorption period. Attempted transfection of MTL 2.8.2
with polybrene was adapted from Aubin et al. (30). Basically,various conditions
suggested for fibroblasts were tested and manipulations were performed in tubes rather

than in plates to accommodate suspended cell cultures. The conditions used for calcium



DNA-mediated Catacuvity Standard Cell
gene mansfer chloramphenicol deviation viability
methodologies acetylation (%) (%) (%)
DEAE dextran 30 8 92
Lipofection 0.2 20 43
Electroporation <0.1 25 20
Calcium phosphate 3 23 60
coprecipitation
Polybrene <0.1 15 20

TABLE II.1 Comparison of transfection efficiencies in MTL2.8.2 cells using various
gene transfer strategies. MTL2.8.2 cytotoxic cells were transfected following various
established protocols (see details in Results and Discussion section). The absolute values
of cat activity shown represent the mean of values obtained under the best conditions found
during the pilot experiments for each technique. For each protocol 10 ug of supercoiled
plasmid DNA was used and adsorbed to cells with the appropriate agents. After washing,
the cells were resuspended at the starting density and incubated at 37°C for 40 hours: 1)
50 ug LipofectinT™ Reagent, 3.5 ml cells at 106 cells/ml in 60 mm dishes for 5 hours at
37°C; (2) in a BRL Cell-Porator™ with 6 x 106 cells in 1 ml of 21 mM Hepes pH 7.05,
137 mM NaCl, 5 mM KCl, 0.7 mM NazHPO4, 6 mM glucose, set at 1000 V/cm, 400 V,
330 uF for 7.7 msec in ice/water; (3) coprecipitated vitf: 12 pg salmon sperm DNA by
calcium phosphate on 2 x 106 cells per 100 mm dish in 6 ml for 4 hours at 37°C, shocked
with 10% DMSO at 37°C for 4.5 min; (4) 10 ug polybrene, 2 ml celis at 107 cells/ml in 15
ml polypropylene tubes for 20 hours at 37°C; followed by a shock in 15% DMSO for 4.5
min. The standard deviations are given as a degree of reproducibility between triplicate
experiments performed. Cell viability was assessed at time when cells were collected for

cat determination.
phosphate coprecipitation were those of Wallich et al. (42) and Gilman et al. (37).
Different permeabilization conditons were tried including shocking the cells with DMSO (8
to 28%) or glycerol (15 to 25%) for various lengths of time at room temperature or 37°C.
The basic DEAE dextran-assisted gene transfer was that of Fujita et al. (20).

In our hands only the DEAE dextran assisted gene transfer allowed us to detect

significant cat activity in a non-transformed CTL line. The other methods gave very low
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reproducibility and/or high cytotoxicity or low viability under the wide range of conditions
that were tried (see Table II.1). Lipofection, which has been shown to work well with
suspension cell cultures mainly B cells (43), did not give good transient expression. Nor
did electroporation which consistently yielded negative results with low viability. Although
electroporation is recognized by some as the method of choice for stably transfecting
lymphoid cells (6, 25, 27, 44), few reports have defined conditions to perform short term
gene transfer in T lymphocytes (24, 25). One problem seems to be in the fragility of the T
cells under electroporation conditions. The calcium phosphate coprecipitation, which is
widely used for transient as well as permanent gene expression in a variety of cell lines,
gave a low level of cat expression of pRSVcat in our CTL line. This level is too low if one
eventually wants to look at the promoting ability of weak promoters in these cells. The
polybrenc-assisted gene transfer method which works well with fibroblasts (30) was
inefficient in our CTL line.

The DEAE dextran-mediated transfection was at least 100 times that obtained using
other methods with the exception of the calcium phosphate coprecipitation where a 10 fold
increase was noted. Not only did DEAE dextran give the best transfection efficiency but it
also showed best reproducibility as indicated in Table II.1. A standard deviation of less
than 1% was noted for experiments performed simultaneously while that for sets performed
on different days corresponded to 5-8%. Novak and Rothenberg (10) published a report
defining the conditions for short term transfection of MTL 2.8.2 cytotoxic T cells using
protoplast fusion. However, their optimized protocol yielded only 9.3% chloramphenicol
acetylation using pRSVcat as the expression vector and we believed this would be too low
for the weaker promoters to be used in future experiments. We successfully and routinely
obtained, during our trial experiments, over 30% acetylation with the same reporter plasmid
without optimization of the dextran protocol. Interestingly, the same authors mentioned
that in their hands the DEAE dextran-mediated gene transfer did not result in any significant

DNA uptake in MTL 2.8.2 cells and concentrations of DEAE dextran between 10 to 100
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Hg/ml were acutely toxic to the T cells. The differences noted between their results and
ours for MTL 2.8.2 cells may ba due to the degree of competence of their cells. As
indicated below. the maintenance of these cells is an important key to reproducibility and
high efficiency of transfection.

While selecting the proper transfection protocol for MTL 2.8.2 cells, we used both
PSV2cat and pRSVcat as control expression vectors. We observed that the level of cat
expression driven by the Rous sarcoma virus long terminal repeat was much higher than
that of pSV2cat, i.e. consistently 10 fold that of SV40 early region. Other investigators
reported similar observations with different cell lines (10,34). We therefore decided to use
PRSVcat as our reporter expression vector for the optimization of the DEAE dextran-

mediated gene transfer.

2. Optimization of the basic DEAE dextran protocol for MTL 2.8.2

Many variants of the dextran method have been published but their modifications
apply to fibroblasts (32) or myeloma cells (31). In this study, we have utilized the basic
DEAE dextran protocol of Fujita et al. (20), tried various modifications and have
established the parameters deemed critical to the attainment of consistently elevated
transfection efficiencies in cytotoxic T cells. Among the various parameters that were
examined in order to maximize DNA uptake and cat gene expression in MTL 2.8.2 cells:
cell density, amount of transfected DNA, concentration of adsorbant agent, adsorption
period: length and temperature, permeabilization step: length and temperature,
permeabilizing agent: types and concentration, chemical modulators of transcription: types
and concentration, length of recovery period were studied. Most transfection protocols
involve three phases 1) adsorption, 2) permeabilization, 3) recovery and expression. Many
investigators incorporated a DMSO shock (usually between 8-10% for 2 minutes at room
temperature) into their basic procedures to enhance DNA uptake (32,45,46). DMSO in

many instances appeared to be the permeabilizing agent of choice. For this reason, we
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decided to test each parameter (except cell density) in the absence and the presence of 8%

DMSO as a preliminary attempt to increase cat activity.
a. Cell density

Non-transformed T cells such as MTL 2.8.2 differ from transformed T cells in that
they requir: constant exposure to cytokines such as IL2 for their growth. The best results
in ransfection experiments are invariably obtained wiien the recipient cells are growing
exponentially (27,47). To der:rmine the appropriate cell density at which optimal
transfection efficiency would be achieved, subconfluent cultures of MTL 2.8.2 maintained
in IL2 (30 units/ml) were collected and replated at a density of 4 x 104 cells/ml (1 x 106
cells/75 cm? flask) in the presence of IL2 (30 units/ml). Cells were incubated at 37°C in
5% COq for either 1, 2, 3 or 4 days, transfected using suboptimal conditions for DEAE
dextran and then left at 37°C in the 5% CO; incubator for 48 hours before being processed
for cat assays. As shown in Figure II.1, the murine cytotoxic T cell line MTL 2.8.2
appeared most receptive to the DEAE dextran transfection regimen 2 days after its passage
in IL2 when cell density reached 1.5 x 103 cells/ml. Consequently, cells were routineiy
plated out at 4 x 10% cells/ml and used two days later in all subsequent experiments. Loyter
et al. (47) suggested that to increase gene transfer frequency, it was necessary to facilitate
passage of DNA from the cytoplasm to the nucleus. One possible and easy way to achieve
this is to perform the transfection with cells in an exponential growth phase where the
percentage of dividing cells is the highest. Cells in mitotic phase are lacking a nuclear
membrane and it would appear that it is easier for the transfected DNA to gain access to the
nuclear matrix when this extra membrane barrier is absent. Potter et al. (27) observed a 3-
to 10-fold increase in transfection efficiency using cells halted in metaphase with
colcemide. The two fold increase in cat activity noted between day 2 and days 1, 3 and 4 is

very significant if one considers examining the strength of endogenous cellular promoters
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FIGURE II.1 Degree of competence of MTL2.8.2 cells in relation to time since last
passage in IL2. Cells were seeded at 4 x 104 cells/ml and were left in IL2 (30 units/ml) for
the various times indicated before harvest for transfection. Transfection was achieved with
10 pug of pRSVcat and S00 pg/ml of DEAE dextran for 30 minutes at room temperature.
Forty eight hours after adsorption, cells were processed for cat activity. Results are
expressed as the percentage of chloramphenicol converted to its acetylated forms.
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such as ine CTL-specific serine protease promoters which might be weak compared to the
very strong viral promoter RSV constitutively expressed at high levels in a variety of cells.
The DEAE dextran provided reproducible results in any given series of experiments
evidenced by the small standard deviations shown. However, this consistency was largely
contingent upon the ceil density ai time of replating prior to gene transfer. The cell density
during maintenance of MTL 2.8.2 was a major key to reproducibility. We observed large
variations in transfection efficiencies when MTL 2.8.2 cells used for replating prior to
transfection were maintained at high densities such as 3.2 to 4 x 103 cell/ml (data not
shown). The degree of variation ranged from 50-60%. MTL 2.8.2 cultures to be
trensfected were never allowed to reach confluency and were passaged every second or

third day if necessary.

b. Amount of input DNA

Many investigators have used between 1.5 and 20 pg of plasmid DNA during
ransfection assays with dexwran (18, 19, 32, 48). Other methods require between 20 ng
(polybrene (30)) and up to 120 pug (electroporation (5,49)) of donor DNA. We were
interested in determining the minimal and maximal amount of donor DNA that could be
used in order 1o obtain a detectable level of wansient cat activity. The relationship between
the amount of wansfected pRSVcat and the resultant level of catexpression in MTL 2.8.2 is
shown in Figure I1.2. The amount of input plasmid DNA varied from 1 to 50 ug and one
series was subjected to a DMSO shock (8% at room temperature for 2 minutes, panel B).
The level of cat activity paralleled the increase in transfected DNA. However, the
relationship was not enrirely iinear since a two Jold increase was not noted between each
point. The level of cat expression progressively increased up to 10 pg/ml then signs of
saturaiion started to appear leading to a less dramatic stimulation of cat activity.
Interestingly, a plateau was not reached even at 50 ng where a relative increase in

chloramphenicol acetylation of 1.3 (-DMSO) to 2 (+DMSO) times that of 25 pg was
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FIGURE I1.2 Levels of cat activity in MTL2.8.2 cells transfected with increasing
amounts of pRSVcat with and without a DMSG shock. Cells were transfected two days
after their last passage in IL2 (30 units/ml) with various amounts of DNA and 500 pg/ml
DEAE dextran for 30 minutes at room temperature. Immediately after adsorption, cells
were shocked with 8% DMSO (v/v) for 2 minutes at room temperature then were washed
twice with serum-free medium before plating. Forty eight hours later, cells were collected
and whole cell extracts were prepared. Cat assays were performed for 4 hours at 37°C
using 100-150 pg of protein. Each point represents the average of three or more
independent experiments which agreed within 8-10%. Cell viability was determined using
the eosin dye exclusion test.
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obtained. However, along with this increase in cat activity at 50 ug we also noted a major
drop in cell viability. Lieber et al. (50) indicated that high concentrations of DNA increase
the lytic effect of DEAE dextran by increasing tI release of hemoglobin from chicken
embryonic erythrocytes leading to excessive lysis. Although erythrocytes are
physiologically distinct from cytotoxic T cells, it is reasonable to imagine that a similar
situation i.e. the release of some important cellular components could take place in the latter
cell type. Recent papers have suggested that the conventional DEAE dextran transfection
occurs via transient cell rupture followed by DNA association (50,51). In this instance, it
is possible that a large proportion of cells accumulate a high number of plasmid copies and
burst while only a certain percentage of cells succeed in taking up a large number of
molecules and thus succeed in expressing the reporter gene.

It is a well documented observation that an improvement in cat gene expression
usually corresponds to a major compromise in cell viability (30,44). In order to keep the
transfection experiments on a reasonable scale. we opted to choose as the optimal amount
of input DNA, 10-15 ug. This allowed us to recover 80 to 90% of the cells and have
enough material to perform various assays on the same transfection samples. Cat activity
was detected with 1 pg of DNA but the signal was too low for our future purposes. Using
20 pg or more did not offer any advantages considering the reductions in cell viability.

In addition, the enhancement in cat activity appeared to be dependent on the cat
vector concentration rather than on the amount of total DNA introduced in the recipient
cells. When pUCI19 (unrelated plasmid) was used to increase the amount of DNA from 5
to 10 pg and 10 to 25 pg, the signals obtained corresponded to those of pRSVcat used at 5
or 10 pg (data not shown). The 8% DMSO shock performed at room temperature for 2
minutes did not improve transient cat gene expression. Identical signals were detected for
both series despite the permeabilization step with DMSO. If anything, the cell viability was

lower when the cells were treated with the permeabilization agent.
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As expected, very different kinetics were observed with other cell types. Using the
osmotic transfection technique, Lieber et al. (50) found that the relationship between input
DNA and transformation efficiency (cat activity or number of colonies) was linear up to 3
Hg/ml DNA for chicken embryonic erythrocytes, then there was a decline in expression.
For NIH3T3 cells, saturation was reached at about 50 ng/ml form | DNA (30). A linear
relationship was observed for the mouse lymphoma cell line M12 up to 80 ug/ml DNA
using electroporation, then expression declined (25). The plateau of car gene expression
for L cells transfected with DEAE dextran was shown to start above 8 pg/ml (4€).

At this stage, we wished to determine the copy number of the transfected plasmid
DNA in the MTL 2.8.2 cells. This would enable us to determine if the number of cell
surface sites for adsorption were saturable at 10 to 15 ng of DNA or if saturation in the
level of cat activity resulted in the limiting capacity of the transcription/translation
machinery of the MTL 2.8.2 cells. To this end, cells were transfected under suboptimal
conditions with increasing amounts of pRSVcat supercoiled DNA. Transfectants were
collected 48 hours post-transfection, in the presence of 20 mM EDTA, and low molecular
weight DNA was purified from Hirt supernatants (41). This DNA was subjected to
conventional dot blot analysis using [32P]nick-translated pRSVcat plasmid as the probe.
Quantitation of the average copy number per transformed cell was determined by using
PRSVcart plasmid DNA as standards. Picogram amounts of pRSVcat equivalent to 100
cells having 10 copies/cell or 25, 50, 75, 100, 250, 500, 600 and 700 were used. The
same number of cells from the transfected MTL2.8.2 samples were spotted on the Nylon
membrane along with the standards. As seen in Figure I1.3, MTL 2.8.2 cells transfected
with 1, 5, 10 and 20 pg of form 1 DNA contained respectively 20-25, 100-250, 600-700
and above 700 copies of plasmid sequences per cell. These figures indicate internalized
DNA molecules as the cell surface bound DNA is dissociated upon EDTA treatment.
Figure I1.2 showed a decrease in the slope above 10 pg DNA but this set of results

indicated that even at 20 pg, the MTL 2.8.2 cells appear to take up plasmid DNA copies
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FIGURE I1.3 Determination of the number of pRSVcat copies in MTL2.8.2 cells
wransfected with 500 ug/ml DEAE dextran and increasing amounts of DNA. Transfection
was achieved as indicated in legend of Figure I1.2. At harvest, cells were washed twice
with PBS and low molecular weight DNA was extracted from thesc cell pellets as detailed
by Hirt (41). Standards for the number of copies were prepared using pRSVcat and an
equivalent of 1 copy/ 106 cells were set as the base for the calculations. Each dot represents
the equivalent of 100 cells.
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very efficiently using DEAE dextran. Thus the cell surface sites for adsorption of
DNA/DEAE dextran complexes are not saturated at 20 Hg DNA. The decrease in cat gene
expression therefore probably resulted from the incapacity of the transcription/translation
system to cope with so many DNA copies. We cannot exclude the possibility that although
more DNA copies find their way into the cell cytoplasm, the percentage that moves to the
nucleus may be low. Furthermore, it is possible that only a certain percentage of this DNA
in the nucleus will be in a conformation compatible with transient gene expression. Indeed,
Loyter et al. (47) have shown that from the 7.5% transfected DNA that gets inside the cells
using calcium phosphate precipitates, only 1-5% of input DNA gets to the nucleus. Similar
results were obtained by Reeves et al. (52). Even microinjecting DNA into the nucleus did
not seem to increase the percentage of DNA molecules competent for expression (47).
Although it has been difficult to determine the reasons why most of the input DNA never
enters the nucleus, a few reports indicated that transfected DNA is subjected to a high
mutation frequency shortly after its arrival into the nucleus (53,54). In addition, partial
degradation or deletions were found in input DNA isolated from the cytoplasm of
transfected cells (53). It is believed that the degradative enzymes and low pH of the
lysosomes, vehicles for ransfected DNA, damage the DNA in the cytoplasm while the
initial lack of a complete chromatin structure renders this DNA even more susceptible to
attack in the nucleus (53). Itis still unclear where (i.e. in which cell compartments) the
damage occurs but transfected DNA molecules quickly undergo changes which
compromise their transcription and/or translation (54). Thus, these high copy numbers
estimated for MTL2.8.2 cells do not allow us to determine if 100% of the cells took up 250
copies or only 25% of the cells introduced DNA sequences at 1000 copies per cell. And
more importantly, they do not allow us to determine transfection efficiency i.e the

percentage of DNA molecules that moved to the nucleus and were expressed.
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¢. The concentration of DEAE dextran

Another parameter which undoubtedly affects the level of transient cat expression is
the concentration of the adsorbant agent. To study this parameter, we utilized
concentrations of DEAE dextran in the range of 100 to 2000 pg/ml. MTL 2.8.2 cells were
ransfected with 10 ug of pRSVcat DNA. The adsorption was set for 30 min. at room
temperature in the presence of various concentrations of DEAE dextran and again one series
was subjected to the 8% DMSO shock. Figure I1.4 indicates that MTL 2.8.2 cells can
tolerate up to 2000 pg/mi of DEAE dextran in the transfection cocktail, however, signs of
significant cell death were observed at this concentration. The increase in the level of car
activity paralleled the increase in the DEAE dextran concentration up to 500 pg/ml then
toxicity started to interfere and cat gene expression was compromised. Shocking the cells
with 8% DMSO following adsorption did not improve the percentage of chloramphenicol
acetylation. For the cytotoxic T cell line MTL 2.8.2, DNA uptake was optimal at 500
ug/ml of DEAE dextran and this concentration was used in all subsequent experiments.

Clearly, DEAE dextran is less toxic than lipofectin or polybrene.

d. DNA adsorption: time and temperature

Sompayrac and Donna (55) reported that exposure to DEAE dextran concentrations
above 400 pg/ml for long periods of time such as 8 hours significantly lowered cell
survival. They then modified their protocol to circumvent the toxic effects attributed to this
chemical facilitator by exposing the cells to lower concentrations of dextran for longer
periods of time. Many investigators have chosen to do the same (46,56). We examined
the effect of exposing the MTL 2.8.2 cells to the transfection cocktail (DNA + DEAE
dextran) for various lengths of time at either 37°C in 5% CO, atmosphere or at room
temperature in the laminar flow hood. Cells were transfected with 10 pg of standard
plasmid DNA using 500 pg/ml of DEAE dextran and were left for various times at room

temperature or 37°C before being washed or shocked with 8% DMSO. The results
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FIGURE II.4 Determination of the optimal concentration of DEAE dextran for
transfection into MTL2.8.2 cells. The concentration of DEAE dextran was varied from 100
to 2000 pg/ml and the amount of pRSVcat was kept at 10 Hg. Adsorption was set for 30
minutes at room temperature and was immediately followed by a 2 rninute DMSO (8%)
shock at room temperature for one series of samples. Forty eight hours post-transfection,
cells were collected, counted and processed for cat activity. Results are the mean of
triplicate experiments and standard deviations were between 5-10%.
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presented in Table I1.2 indicate how quickly expression can be detected. After a 5 minute
exposure to the DNA/DEAE dextran cocktail it appeared that 60% of maximal activity is
achieved. This number increased to 73% after 10 minutes and 100% at 15 minutes.
Within 15 minutes, the level of cat activity reached a saturation point, showing no increase
even after 4 hours of adsorption. In addition, exposing the cells to 500 pg/ml for 4 hours
did not result in any reduction ir: cell viability.

DNA uptake was not dependent on temperature since the levels of cat gene
expression obtained following transfecdons of pRSVcat at 22-25°C or 37°C were identical.
These various combinations did not improve the ability of DMSO to enhance transient cat
expression. Compared to most gene transfer protocols described to date, this adapted
dextran procedure requires the shortest adsorption time. Many investigators have used 30
minutes up to 24 hours as adsorption times for DEAE dextran-mediated gene transfer (18,
19, 22, 46, 48, 56). Lipofection, polybrene-assisted transfer and calcium coprecipitation
all demand longer adsorption periods to achieve the best ransformation efficiencies (28,
29, 30, 37, 43). This short period can be extremely advantageous when transfecting type 1
(antigen- and IL2-dependent) cells which are even more sensitive than type 2 (antigen-

independent, IL2-dependent) T cell lines to transfection regimen.

e. Permeabilization step: time and strength of shock

Various treatments aimed at improving DNA. uptake or cat gene expression have been
described by others (19, 30, 31, 32, 34, 42, 46, 48). The mechanism of action of these
chemical "facilitators" is unclear but their positive modulatory effect on the expression of
transfected donor DNA in various recipient cells is well docnmented (5- to 100-fold
enhancement using DMSO (30, 32, 45, 46), 5- to 200-fold enhancement with glycerol (32,
57). We sought to determine if any of these "facilitators” would also be efficient in the
cytotoxic T cell line MTL 2.8.2. In the previous series of experiments we used an 8%

DMSO shock at room temperature for 2 minutes mainly because numerous reports had
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Temperatre of adsorption process

22-25°C 37°C

Adsorption time Permeabilization treatment | o
(min.) -DMSO +DMSO -DMSO +DMSO

5 18 16 ND ND

10 21 16 ND ND

15 29 25 31 24

30 33 26 29 26

60 31 28 28 21

240 30 24 29 20

TABLE I1.2 Levels of transient cat gene expression in MTL2.8.2 cytotoxic T cells
following different adsorption regimens. Cells (1.25 x 107) were incubated with 10 Mg

pRSVcat and 500 ng/mi DEAE dexwran for the various lengths of time indicated at room
temperature (laminar flow hood) or at 37°C (5% CO; incubator). Following the adsorption
period, one set of samples for each temperature was subjected to a 2 minute DMSO (8%)
shock at room temperature. Following washes and further incubation for 48 hours at
37°C/5% CO2, cells were collected, counted and assayed for catactivity. These absolute
values represent the mean of four independent experiments. The degree of variation
between them was 10%. ND: not determined.

suggested such treatment improved DNA uptake (32, 45, 46). However, our observations
so far indicated that this shock did not affect transfection efficiency in MTL 2.8.2. No
difference was noted between samples exposed to DMSO and those left unpermeabilized
(see Figures I1.2, I1.4 and Table I1.2). To confirm this indifference towards such treatment
we decided to expand the range of DMSO used from 5 to 15% and shocked the cells for 2,
5, 10 or 30 minutes at room temperature (laminar flow hood) or at 37°C in 5% CO,
atmosphere. Results are summarized in Figure 11.5. We observed a small increase (1.3

fold) in the level of cat activity over that of the unshocked cells (baseline: 30%) when 8%
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FIGURE II.5 Assay of cat activity following transfection of pRSVcat into MTL2.8.2
cells subjected to different DMSO shocks. 10 pg plasmid DNA and 500 Hg/ml DEAE
dextran were used in this series of experiments. The adsorption period was set for 15
minutes at room temperature. Following this step, different concentrations of DMSO were
added directly to the cel/DNA/DEAE dextran cocktail for the indicated lengths of time at
room temperature (laminar flow hood) or 37°C (5% CO> incubator). Cells were then
washed twice and plated for 48 hours before being assayed for cat activity; expressed here
as the percentage of conversion of chloramphenicol to its monoacetylated forms. Note: the
baseline level of cat activity for cells not treated with DMSO was 30 * 3%. Standard
deviations were between 10-12%.
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DMSO was utilized for either 2, 5, 10 or 30 minutes at 37°C/5% CO>. This was
interesting since the same permeabilization performed at room temperature gave absolutely
no increase in the percentage of acetylation. A possible explanation could be that at 37°C
the cell membrane fluidity is such that DNA bound to the surface can more easily find its
way in the cytoplasm than in the nucleus. Despite this slight improvement in cat transient
expression, no significant changes in cat activity were noted for any of the combinations
tried. However, signs of toxicity were evident above 8% DMSO where only 40% of the
cells were recovered at harvest (data not shown). MTL 2.8.2 cells appear to be very
sensitive to DMSO since many cell types can easily tolerate up to 15% DMSO (30, 58, 59).
In addition, the temperature at which the shock was performed did not significantly
improve DNA uptake.

We also examined the effect of substituting DMSO with glycerol or polycthylene
glycol (PEG) in increasing transfected DNA uptake. These permeabilization agents have
been used on other cell types and gave strong sumulatory effects on cat expression (31, 32,
34,42, 57, 60).  Cells responded very poorly to glycerol shocks 2.5 to 15% performed
at room temperature or at 37°C/5% COz for 2, 5 or 10 minutes. Levels of cat activity
obtained were consistently lower than that of cells not treated with glycerol (data not
shown). Considering the high degree of toxicity exhibited by glycerol even within the
lowest range of concentration and the low level of tolerance of MTL 2.8.2 cells for this
permeabilization agent, we decided not to pursue this series of transfection experiments any

further. The results with PEG were similar to those observed using glycerol.

f. Other chemical agents to improve transfection efficiency

Many investigators have reported that sodium butyrate (61, 62) or chloroquine
diphosphate (63) significantly increase transient gene expression. It is believed that
chloroquine prevents lysosomal degradation of transfected DNA allowing it to reach the

nucleus intact for gene expression (63). Recently, Frankel and Pabo (64) observed that tat
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(HIV wranscriptional activator) was stabilized by chloroquine. It is therefore possible that
this compound could also protect other key transcriptional factors from proteolytic
degradation. The detailed mechanism of action of sodium butyrate remains unclear.
However, many reports have provided evidence that the enhancement seen with butyrate is
mediated through effects on cellular chromatin by inhibition of histone deacetylase(s),
resulting in the accumulation of hyperacetylated core-particle histones (52, 65, 66, 67).
Very recently, work done by Bresnick et al. (67) strongly suggested that changes in the
acetylation status of the chromatin can have an important impact on allowing transcription
factors to find their way to their specific binding sequences. Because of the obvious
improvement in gene expression in cells treated with these agents, we decided to test if
MTL2.8.2 cells would respond positively to such regimen.

MTL 2.8.2 cells were transfected and treated as indicated in Materials and Methods
and one series of samples was permeabilized with 8% DMSO for 2 minutes at 37°C before
chloroquine treatment. As shown in Table I1.3, the presence of chloroquine diphosphate
had no effect on cat gene expression for any combinations examined. Signs of toxicity
were observed at concentrations higher than 50 uM at which only 40% of the cells were
recovered. Pretreating the cells with DMSO did not improve cat activity (data not shown).

Interestingly, although the cytotoxic T cells did not respond to chloroquine
diphosphate, the treatment with sodium butyrate significantly improve their ability to
transcribe the cat gene (Figure 11.6). Increasing the concentration of butyrate from 1 to 10
mM resulted in a five fold stimulation 2¢ter £2 hours treatment (12% at 1 mM and 58% at
10 mM). The degree of toxicity increased proportionally: 68% of cells were recovered
when | mM butyrate was used and only 42% at the 10 mM concentration. This stimulatory
effect was not observed when cells were subjected to butyrate for only 4 hours.

The cells were also shocked with 8% DMSO at 37°C prior to exposure to butyrate

to determine if transcription could be enhanced. As indicated in Figure I1.6, the increase in
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Cat activity
chloramphenicol acetylation (%)
Concentration
chloroquine Length of Permeabilization treatment
diphosphate treatment
(xM) (hrs) -DMSO +DMSO
0 22 22
25 2 32 23
25 4 27 30
50 2 21 19
50 4 27 25
75 2 19 15
75 4 16 29
100 1 20 26
100 2 19 25
100 3 15 19
100 4 16 12

TABLE II.3 Effects of chloroquine diphosphate on levels of cat activity in MTL2.8.2
cells. MTL 2.8.2 cells were transfected with 10 ug pRSVcat and 500 ug/ml DEAE dextran
for 15 minutes at room temperature. After washes, they were plated in complete medium
supplemented with various concentrations of chloroquine diphosphate as indicated and left
at 37°C for the lengths of time shown. Cells were then washed and incubated in complete
medium for 48 hours before cat determination. One set of samples was pretreated with
DMSO (8%) at 37°C (see Materials and Methods) before chloroquine treatment.

the level of cat gene expression remained constant or was down 1.6 fold that observed
previously without the DMSO for the various concentrations of butyrate used. This dual

treatment appeared very toxic to the cells since only 50% were recovered at 1 mM, 30% at

4 mM and 10% at 10 mM concentration.
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FIGURE I1.6 Effects of sodium butyrate on transient cat gene expression in MTL2.8.2
cells. Cells were transfected with 10 ug pRSVcat and 500 pg/ml DEAE dextran for 15
minutes at room temperature. Following washes, cells were resuspended in complete
medium (RHFM+ 30 units/ml of IL2) and dispensed into plates containing medium
supplemented with various concentrations of sodium butyrate as indicated. After 12 hours
at 37°C/5% CO, the medium was removed and cells were fed fresh medium for a further
36 hours, at whic! time extracts were prepared for assaying cat activity. Cel! viability was
determined after removal of the sodium butyrate and also 36 hours later at harvest. The
effect of sodium butyrate on the level of cat activity is expressed as the fold induction over

that of the untreated cells.
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Reeves er al. (52) indicated that the effect of sodium butyrate decreased with
increasing concentrations of input DNA (16 foid with 1 pg/ml ranstected DNA versus |
fold with 10 pg/ml) in CV-1 cells transfected with the calcium phosphate coprecipitation
technique. Although we were following a different gene transfer protocol. we looked at the
effect of adding only 1 ug of pRSVcat instead of 10 pg in the transfection assavs. In this
instance we observed a stimulation up to four fold (at 10 mM. 12% to 44<%) representing a
smaller improvement than that obtained using 10 pg of input DNA. Again the pretreatment
with 8% DMSO at 37°C had no enhancement or had a negative effect on car gene
expression. The difference noted in the percentage of chloramphenicol acetylation when
going from 1 to 10 ug of wransfected DNA is very small and in both instances, car activity
increased proportionally 1o the concentrations of butyrate. Our data disagree with Reeves et
al. (52) observations although this discrepancy may have arisen from the different recipient
cell lines and/or the different methods of transfecton used in the studies.

Recent reports have shown that sodium butyrate increases the stability of mRNA
(68) and in some instances increases the transcriptional rate of certain genes (69). These
effects resulted in increases in steadyv-state levels of mMRNAs for a number of genes (70,
71) or in increases in the protein levels (72, 73). Future experiments are required 1o assess
which of these situations is responsible for the 5 fold enhancement seen in our transient cat

gene expression.

g. Length of cell recovery after transfection

Every cell line responds differently to a transfection regimen. Each requires a
different period of recovery after transfection before transcription stans; adsorbed DNA has
to pass through the cytoplasm and then be transported into the nucleus in order to be
transcribed (47). Previous observations indicated that 24 hours were required to allow
transfected DNA to be transcribed and translated. Figure I1.7 shows the dependence of the

level of cat expression on the time interval between the actual ransfection (DEAE dextran
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FIGURE I1.7 Determination of the optimal peak of transient cat expression driven by
RSV in MTL2.8.2 cells. Cells were transfected following optimal conditions i.e. 10 pg
PRSVcat, 500 ug/ml DEAE dextran for 15 minutes at room temperature. Cells were
collected at times indicated after transfection and cat activity was assayed.
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treatment) and cell harvest. Cat gene expression increased with time, increasing from 1 to
7% within 24 hours after transfection, from 7 to 22% 12 hours later then to 29% at 48
hours post-transfection and finally reached a maximum of 445 at 72 hours. At this point
the high cell density gave rise to cell death. Similar observations have been reported with

different cell lines (30, 46). Thus we decided to use 48 hours as the read out time in future
experiments.
3. Comparison of the strength of the cytotoxic cell serine protease 5-tlanking
sequences with other viral and cellular reguiatory regions

In optimizing the DEAE dextran transfection protocol for the cytotoxic T cell line
MTL2.8.2, our intentions were to design a system that would allow us to study in detail the
CTL-specific :rine protease promoters and their regulatory sequences. Our first analysis
focused on two of the CTL-serine protease genes isolated and characterized in our
laboratory and referred to as B10 and C11 (75). We examined the strength of B10 and
C11 promoters by placing the 5'-flanking region of both genes immediately upstreain of the
promoterless vector pGEM2cart (see Materials and Methods). These constructs were
introduced into MTL.2.8.2 cells following the optimized DEAE dextran strategy outlined
earlier. Other cat expression vectors were also transfected into the same recipient cell line.
In order to determine if other cat-bearing plasmids are positively affected by sodium
butyrate like pRS Vcat, we performed the same series of transfection assays in the absence
or the presence of 7.5 mM butyrate for 12 hours. Table I1.4 summarizes the results of this
analysis. First, both B10 and C11 promoters are weaker than the two strong viral
promoters. The thymidine kinase promoter is also quite powerful and both serine protease
5'-flanking regions exhibited lower activity. B10 and C11 are as good as the basal c-fos in
stimulating transcription from the cat gene. One important aspect to keep in mind when
comparing strength of various 5'-flanking regions is that this strength is dependent on the

recipient cells in which these regions are tested. Some flanking
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Cat activity
chloramphenicol acetvlaton (%)

Vectors -t dte +butyrate Total induction
pB10 1080cat 1.2 1.6 1.3
pC11 896c¢ut 1.0 5.7 5.7
pRSVcat 12 58 4.8
pSV2cat 5.4 32 5.9
pA10car2 25 2.1 0.8
pTKcat 53 7.4 1.4
pFCAS6 0.9 1.1 1.2

TABLE I1.4 Comparison of the strengths of B10 and C11 serine protease 5'-flanking
sequences with those of other viral and cellular regulatory regions. MTL2.8.2 cells were
ransfected with 10 pg each of a variety of plasmids in the presence of 500 pg/ml DEAE
dextran for 15 minutes at room teruperature. Following adsorption and washes, cells were
plated in medium containing 0 mM or 7.5 mM sodium butyrate and incubated for 12 hours
at 37°Cin a 5% CO; incubator. Following media change cells were incubated for a further
36 hours before harvest. Values shown represent absolute values for cat activity.
sequences may appear very powerful in a variety of cell lines because their requirements for
transcriptional factors are minimal i.e. their DNA-binding proteins are ubiquitous and
found in abundancy in all cells. On the other hand, some 5'-flanking regions may tend to
show lower strength because their transcriptional factors are quite distinct and in low
abundance and may be found only in certain cell lines.

One very interesting observation was made when the cells were treated with
butyrate for 12 hours during the transfection process. We noted a large difference between

B10 and C11 relative strengths. While the B10 5'-flanking region was capable of

stimulating transcription of the cat gene as efficiently as the c-fos promoter, the C11
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promoter region did it five times more efficiently. Table 11.4 indicates that, following
exposure to butyrate for 12 hours at 37°C, the C11 5'-flank promotes transcription better
than tk and SV40 early region lacking the enhancers but is still weaker than RSV and SV10
entire regulatory regions. On the other hand, B10 is weaker than all viral and cellular
regulatory sequences tested except for the SV40 early region depleted of enhancers. We
have also observed that although RSV, SV40 entire regulatory regions were responsive to
butyrate and showed an increase in their ability to drive transient cat expression. it did not
appear to be the case for ik, the basal c-fos and SV40 5'-flanking region lacking enhancers.
This difference could reflect the different requirements in ranscriptional factors for each of
these promoters and flanking sequences.

This differential enhancement in cat acuvity for the B10 and C11 5'-flanking
sequences with sodium butyrate was surprising and very interesting. Sodium butyrate is
believed to modify the chromatin structure but an apparently limited number of genes are
butyrate responsive (61, 62, 67, 69). Our results suggest that B10 and C11 promoter
sequences differ saucturally or some of the transcriptional factors that bind to them are

distinct. This distincton is presently under investigation.

In summary, we have adapted the DEAE dextran-mediated gene transfer protocol to
successfully obtain high and reproducible levels of transient cat gene expression in a variety
of murine cytotoxic T cells. We have shown that the cells were most receptive to the
transfection regimen two days after their latest passage in IL2, presumably the time at
which the number of mitotic figures are the highest. We also demonstrated that optimal cat
gene expression was obtained using 10-15 pg DNA with 500 pg/ml of DEAE dextran for
15 minutes at roon» temperature. Adsorption need not be longer and represents to our
knowledge the shortest time employed to transfect cells with the exception of
electroporation. The transfection efficiency in CTLs was not improved after treatment of

the cells with either DMSO, glycerol, PEG or chloroquine diphosphate. However, sodium
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butyrate at a concentration of 7.5 mM exposed to the cells for 12 hours at 37°C increased
the level of catactivity by a factor of five. This protocol allowed us to achieve significant
level of cat gene expression using CTL-specific cellular promoters and provides us with an
excellent means to start ..clineating the differences between two of our CT L-specific serine
protease promoters B10 and C11. Although the protocol was not rigorously optimized for
other T cell lines we have shown that it also works well with three independent antigen-
dependent and IL.2-dependent T cell clones (data not shown). In addition, this method will
provide an experimental system for the identification of the regulatory sequences that
control the expression of any other CTL-specific genes. It may also be particularly useful

for manipulating the phenotype of this most interesting cell type.
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APPENDIX TO CHAPTER II
A. INTRODUCTION

Chapter II describes a gene wransfer strategy developed for transient expression in
cytotoxic T cells. The cytotoxic T cell line that was used in the study was MTL2.8.2. It is
a type II cell line and requires only IL2 for its proliferation. Type I cells, on the other
hand, depend on both I.2 and antigen for their cell growth. Thus, these cell lines resemble
primary cell cultures and represent a more relevant biological system to study gene
activation following T cel: -timulation. However, the difficulties in obtaining large
numbers of cells for experimentation and in achieving good transfection efficiency with
these cell lines have essentially prohibited their use. In this section, three independent type
I T cell clones were tested for their transfectability with the optimized protocol. We
demonstrate that type I cells in their quiescent state show little expression of the RSV
driven-cat gene but that this level is enhanced following stimulation with IL2 and antigen or

IL2 and PMA/dibutyryl cAMP.

B. RESULTS AND DISCUSSION

1. Quiescent type I T cell clones are amenable to transfection by the adapted
DEAE dextran protocol

Three independent type I cytotoxic T cell clones, namely 129.9(I), 2(I) and 21.9(])
or 85 were produced from CBA/Balb/c mice as described earlier (Havele et al., 1986).
They were stimulated with antigen (irradiated Balb/c spleen cells) every 7 days in the
presence of 20 units/ml of recombinant human IL2. These cells were forced into
quiescence by reducing the concentration of IL2 present in the medium from 20 to 10-12
units/ml for one week. For each clone, 137 cells were transfected using the DEAE dextran
strategy described in Chapter II. Basically, 15 pg of plasmid pRSVcat was used with 500

g DEAE dextran in 1 ml of transfection buffer. The adsorption time with the
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DNA/dextran cocktail was set for 5 minutes at room temperature instead of 15 (see below)
following which the cells were washed twice with serum-free medium. They were then
incubated for 48 hours at 37°C in a 5% CO2 atmosphere in complete medium before cat
determination. We have previously shown that a 15 minute adsorption period with the
DNA/DEAE dextran cockail was sufficient to reach the satwurarion level of cat activity (see
Chapter II). We also demonstrzted that the percentage of chloramphenicol acetylation was
reasonably high after only 5 minutes in the presence of the ransfection cocktail. Because
of the low tolerance of the type I cells to transfection buffer and extrenuous manipulations,
we decided to minimize cell damage and transfect for 5 minutes. As shown in Figure
[TA.1, cat activity was detectable in all three clones following this modified method.
Previous reports have indicated that no cat activity can be detected in primary T cellsor T
cell clones transfected with other regimen unless these cells are stimulated with IL2 and
antigen (Fujita et al., 1986, Novak et al., 1990). The signals obtained in the present cat
assay suggest that the optimized DEAE dextran protocol for type II cells work well with

tvpe I T cell clones.

2. Transfection of type I cells stimulated with IL2 and antigen

For this experiment, the type I T cell clone 85 was used. These cells were
maintained in RHFM supplemented with 20 units/m: They were passaged at 5 x 103
cells/ml in low IL2 medium (2 units/ml) for 24 hours to allow them to reach quiescence.
Transfections were performed on 1.2 x 107 quiescent cells following the protocol outlined
above.

Stimulation of clone 85 was achieved as follows: quiescent cells were seeded in
v lium containing 20 units/ml of IL2 and irradiated Balb/c spleen cells for two days as
described in Havele et al., (1986). The mixed cell population was then fractionated by
centrifugation on a Ficoll gradient to remove red blood cells, residual antigen and dead

ceils. The leukocyte fraction (containing T lymphocytes) was then transferred to complete
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FIGURE HA.1 Levels of RSV-directed cat activity in three independent quiescent type 1
T cell clones using the adapted DEAE dextran protocol. Clone 129.9(1), 2(I) and 21.9(I)
or 85 were produced from CBA/Balb/c mice as described in Havele et al., 1986. The cells
were stimulated every 7 days with IL2 (20 units/ml) and antigen (irradiated Balby/c spleen
cells). Quiescence was achieved by seeding the cells in low 1.2 (10 units/ml) medium for
one week. 107 cells were transfected with 15 ug of pRSVcat and 500 ug of DEAE dextran
in 1 ml of transfection buffer for 5 minutes at room temperature. The cells were then
washed in serum-free medium and incubated for 48 hours at 37°C before cat determination.
An equivalent of 40 pug of protein was used in each case.
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medium supplemented with 20 units/ml IL2 for 20 hours. 1.2 x 107 activated cells were
transfected with 15 pg of pRSVcar and 500 ug DEAE dextran in 1 nl of wransfection buffer
for 5 minutes at room temperature. Following washes and a 48 hour incubation at 37°C in
5% CO» atmosphere, cat assays were performed. The level of RSV-driven cat activity
measured for the quiescent and activated samples are shown in Figure IIA.2. A 5 fold
enhancement in cat gene expression denoted by an increase in enzyme activity was
observed following stimulation of the T cells with antigen and IL2 (7.2% versus 34%).
This result agrees with previous reports which have indicated that the RSV promoter
contain sequences that respond to antigen and IL2 stimuli or agents that mimick the signals
that emanate from these two receptors (Lake et al., 1990, Novak et al., 1990, Siebenlist et
al., 1986). Thus, the adapted DEAE dextran transfection method can be applied in cases

where T cell activation events are under investgation.

3. Transfection of type I cells stimulated with PMA and dibutyryi cAMP

The combination of PMA and dibutyryl cAMP can substitute for the signal normally
provided by antigen to elicit a cytotoxic reaction. Type 1 cells (day 9 post-antigen
stimulation ) were seeded in low IL2 (10 units/ml) medium for 48 hours to force them into
quiescence. These cells were then collected and used for wansfections at 2 x 107
cells/sample. Two series of samples were prepared: the first corresponded to the quiescent
cells and the second were stimulated with PMA and dibutyryl cAMP. Trial experiments
were performed to determine the optimal concentration of inducers to use for type I cells
without compromising cell viability. We found that cell viability was not affected up to
1000 uM of dibutyryl cAMP (stock 100 mM) in the presence of 1.2 (30 units/ml) and
PMA at a concentration of 15 ng/ml (usual working concentration; stock 10 pg/ml)). We
therefore chose to use 700 uM dibutyryl cAMP as an arbitrary concentration for stimulating
the cells following transfection. Adsorption of the pRSVcat DNA/DEAE dextran cocktail

was set for either 5 or 15 minutes at room temperature. The cells were washed and
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FIGURE IA.2 Levels of cat activity in type I T cell clone 85 following stimulation with
antigen and IL2. Quiescent cells were obtained by seeding the cells in low IL.2 medium (2
units/ml) for 24 hours. Stimulation with antigen and IL2 was performed as described in
Havele et al., 1986 (see text). 1.2 x 107 quiescent or activated cells were transfected with
15 ug pRS Vcat and 500 ug of DEAE dextran in 1 ml of transfection buffer for 5 minutes at
room temperature. Cells were washed and further incubated at 37°C for 48 hours before
harvest for cat assays.
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dispensed into five 1() mm plates containing complete medium supplemented with 20
units/ml of IL2. Stimulation was set at 19 hours post-transfectic. '<ith 15 ng/ml of PMA
and 700 uM dibutyryl cAMP. Cells were collected 27 hours post-stimulation and cat
actvity was measured. Figure IIA.3 shows the level of RSV driven-car actvity obtained in
the three samples examined, the quiescent cells and the PMA/dibutyryl cAMP-activated
cells transfected for 5 or 15 minutes at room temperature. An increase ' the cat gene
expression was observed following activation of the type I cells. The enhancement was
greater when the cells were transfected for 5 minutes than for 15 minutes (5 fold versus 2
fold). The same amount of protein was used in each case yet the signal in activated cells
are quite different.

A comparison of Figure IIA.1 with Figure IIA.2 reveals that both types of
stumulation i.e antigen/IL2 or PMA/dibutyryl cAMP/IL.2 result in the same level of cat gene
expression. The signals transduced by these inducers appear to affect the RSV promoter in

a very similar manner leading to the simulation of the caf gene transcription.

In summary, the DEAE dextran transfection protocol optimized for type II cytotoxic
T cells can be used successfully and reproducibly on type I cytotoxic T cell lines. Their cell
viability and efficiency of transfection are best when the adsorption step is set for only five
minutes at room temperature. The development of this adapted technique will facilitate the
study of the mechanisms of gene activation in systems such as quiescent and stimulated 'T

cell lines.
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FIGURE I1A.3 Levels of cat activity in type I T cell clone 85 following PMA and
dibutyryl cAMP stimulation and different adsorption times. Quiescent cells were obtained
by seeding the cells in low IL2 medium (10 units/ml) for 48 hours. These cells were used
for transfection at a concentration of 2 x 107 cells per sample. Adsorption times were set
for 5 or 15 minutes at room temperature in the presence of 15 ug of pRSVcat and 500 pug
of DEAE dextran in 1 ml of ransfection buffer. The cells were then washed twice and
placed in complete medium at 37°C in a 5% CO2 atmosphere. Stimulation was set 19
hours post-transfection using 15 ng/m! of PMA and 700 uM of dibutyryl cAMP. The cells
were collected for cat determination 27 hours post-stimulation. Q: quiescent, A: activated.
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CHAPTER 111

TRANSCRIPTION OF TWO CYTOTOXIC CELL PROTEASE GENES IS
UNDER THE CONTROL OF DIFFERENT REGULATORY ELEMENTS!

A. INTRODUCTION

When T lymphocytes emerge from the thymus, they have the potential 1o become
either regulators or effectors of cell mediated immune responses. In order to realize their
potential the virgir cells must first be stimulated by antigen and interleukin 2 (IL2). This
final stage of activation is dependent on the transduction of signals from these receptors
into the nucleus resulting in the transcriptional activation of genes that encode function-
related proteins. Jvc- the past few years a number of second messengers have been
implicated in the .. v.iion of T lymphocytes. These include changes in membrane
potential, calcium fluxes, phospholipids, kinases, diacylglycerol and cAMP (reviewed in
Immunological Reviews 95, 1987). However, the majority of these studies have been
correladve in nature and it has been difficult to establish a cause and effect relationship.

Rather than studying membrane associated events we have focussed on the
transcriptional activation that occurs upon lymphocyte stimulation. Such an approach has
led to the identification of a number of DNA sequences that act as binding sites for
regulatory proteins that respond to the membrane signals genercied after T lymphocyte
stimulation [reviewca by Crabtree (1)]. Most of these studies hzse focussed on helper T
cells, while little work has been done on cytotoxic T lymphocytes. There is, however,
evidence that the mechanisms of signal transduction/second messengers are different for

activation of the two cell types (2,3,4) and obviously a different set of genes are induced in

each case.

1 A version of this chapter has been accepted for publication in Nucleic Acids Research.
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Upon cytotoxic T cell activation a number of genes are induced that encede function
related proteins, including perforin (5), lipase (6) and a family of serine proteases (7,8.,9).
These proteins are packaged within the cytoplasmic granules that are believed to deliver the
lysiv cffector molecule(s) to the target cell (reviewed in Immunological Reviews 103, (9)).
The events that control the expression of these different genes remain to be elucidated. The
cytotoxic cell protease (CCP) genes (9) are particularly interesting in this regard as they
map to the same region of chromosome 14 close to the TCR « locus (10) where another
related protease gene encoding cathepsin G has now been localized (11). In contrast to the
CCP genes that are expressed in cytotoxic cells, cathepsin G transcription is restricted to
myeloid lineage cells (12). Thus this clustered family of protease genes must be subject to
different control mechanisms in order to achieve cell-specific expression.

The genomic versions of two of the serine protease genes, C11 and B10 that
encode CCP1 (granzyme B) and CCPZ (granzyme C) respectively, were recently cloned
and their sequences compared (13,14). A number of potential regulatory regions were
identified that were known to play a role in controlling the expression of other T
lymphocyte genes. In addition hypersensitive sites were mapped in the 5'-flanking regions
of the two genes (13). Here we describe the search for DNA sequences that actually
function to regulate the expression of these two genes in cytotoxic T cells using reporter

gene constructs transfected into various cell types.

B. MATERIALS AND METHODS

1. Cells and dssue culture

The cytotoxic T cell line MTL 2.8.2 was generated from CBA/J mice as described
(15). CTLLisz >use IL2 responsive T cell line but antigen independent (16). ELA.E1 is
a murine T lymphoma and an IL2 producing cell line (17). D10 is a mouse helper T cell
line (kindly provided by K. Bottomly, Yale). L is a standard mouse fibroblastic cell line.

All cell lines were cultured in RPMI 1640 medium supplemented with 10% fetal bovine
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serum and 100 uM B-mercaploethanol (RHFM). For MTL 2.8.2 and CTLL. 30 units/ml

of ILL2 was also included.

2. Plasmid construction

Various plasmids were used to generate the constructs. Both pGEMI1cat and
PGEM2cat were obtained by inserting the BamHI-HindlIll 1.6 kb chloramphenicol
acetyltransferase (cat)-Splice-Polyadenylation cartridge of pSV2cat (18), blunt-ended using
E. coli Klenow polymerase, into the Pvull site of pGEMI and pGEM2 vectors (Promega
Corporation). pFCA56 was provided by W. Leonard (NIH) and contains the mouse c¢-fos
essential promoter sequences, defined by Gilman et al. (19), linked to the cat gene and
downstream SV40-derived sequences from pSVOcat in pUCI13. pTKcat was provided by
R. Miksicek (Heidelberg) and includes the herpes virus thymidine kinase promoter region -
109 to +51 (20) ligated upstream of the cat cartridge and polyadenylation site of pSV2cat in
pUCS.

The deletion fragments were generated from parental plasmids containing the 5'-
upstream region of both B10 and C11 (13), respectively 1648 bp (-1617 to +31) and 1078
bp (-961 to +117) excised from genomic clones with EcoRI-Accl or EcoRI-Tth HIT and
subcloned in pUC13. The various fragments were prepared from the parental B10 and
C11 plasmids by restriction enzyme cleavage (see Figure I11.2). After repair of the ends
with either Klenow DNA polymerase or T4 DNA polymerase or both, the fragments were
ligated directly to the Smal site of the promoterless vector pGEM2cat. Only one insert
(1080 bp) of B10 was not repaired and inserted directly in the Psti-Accl site of pGEMlcat
For both the pFCA56 and pTKcat series, the deletion fragments were inserted into the
unique HindlIII site of the recipient vectors after addition of HindlIII linkers and extensive
HindIII digestion. All ligations were performed overnight at 14°C. Plasmid stocks were
propagated in E. coli strain DH5a and isolated using the alkaline lysis procedure (21). We

routinely obtained preparations consisting of more than 90% form 1 (supercoiled) DNA



154

molecules which ensured both consistency and optimal levels of gene expression in
transient assays.

A total of seventy constructs were made but only the most informative are
presented. A list of these plasmids is given in Table III.1. All constructions were verified
either by double restriction digests in the case of the pPGEM 1cat and pGEM2cat series or by
sequence analysis in the case of the pFCAS6 and pTKcat series. Sequencing was
facilitated by the proximity of the inserts in all these latter constructons to the annealing site
for the M13 reverse sequencing primer (pFCAS6) or forward primer (pTKcat). Double

stranded sequencing was performed according to Kraft et al. (22).

3. Transfections and cat assays

MTL 2.8.2 cells were transfected following a DEAE dextran protocol (23) adapted
and optimized for cytotoxic celi lines. Basically, 1.25 x 107 cells (taken from cells grown
to a density of 3.75-4 x 106 cells per 75 cm? flask or 1.5 x 103 per ml) were washed twice

with serum free medium and resuspended in 1 ml of transfection buffer (0.5 ml of TBS: 25
mM Tris-HCI pH 7.4, 137 mM NaCl, 5 mM KCI, 0.6 mM NazHPO4, 0.7 mM CacCl2,

0.5 mM MgClI? and 0.5 ml of serum free medium) to which 500 pg/ml of DEAE dextran
was added (stock: 100 ug/ul made in dH20 and filter sterilized) then 15 pg of appropriate
DNA construct. After DNA adsorption for 15 minutes at room temperature the cells were
washed twice with serum free medium. They were finally resuspended in 3 mls of
RHFM+ IL2 (30 units/ml), dispensed into three 100 mm plates containing 11 mls of
complete medium and were placed at 37°C in 5% CO» atmosphere for 48 hours before
harvest. The sodium butyrate treatment, where mentioned, was performed as follows:
immediately following transfections, MTL 2.8.2 cells were placed in complete medium
(RHFM + IL2 (30 units/ml)) supplemented with 7.5 mM sodium butyrate (stock of 500
mM in serum free medium) for 13 hours at 37°C/5% CO,. The cells were then suspended

in fresh medium without drug and further incubated for 35 hours before harvest. CTLL
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Constructs restricted fragments utilised genomic position
from the 5'-flanking region of the 5'-tragments
B10: pl1648cat EcoRI-Accl -1617 o +31
p1080cat Pstl-Accl -1049 10 +31
p800cat HinclI-Accl -769 10 +31
p310cat BglIl-Accl 27910 +31
p220cat Haelll-Accl -189to +31
p580cat Alul-Alul -713to0 -133
p770cat Pstl-BgllIl -1049 10 -279
p336cat Psu-Alul -1049 0 -713
pS68cat EcoRI-Psu -1617 to -1049
Cl11: p896cat Tagl-Avall -828 to +68
p495cat HaellI-Avall -427 1o +68
p31lcat Alul-Avall -243 to +68
p180cat HinfI- Avall -112t0 +68
p439cat Alul-Alul -682 10 -243
pl84cat Haelll-Alul -427 10 -243
p437cat HaellI-Haelll -864 10 -427
p255cat Alul-Haelll -682 10 -427
p220cat Alul-Alul -902 10 -682

TABLE III.1 Summary of the B10 and C11 5'-end-containing plasmids. Full length
B10 and C11 5'-upstream regions were cleaved with the specific restriction enzymes
indicated and the various fragments cloned into three distinct cat plasmids: pGEMcat,
pFCAS56 and pTKcat after polishing the ends with Klenow and/or T4 DNA. polymerase and
the addition of HindlIII linkers as detailed in the Materials and Methods section. The
positon of the fragments denoted is in reference to the transcriptional start site +1.

transfections followed the MTL 2.8.2 method but only 1 x 107 cells per sample were used
and dispensed in two 100 mm dishes. Exogencus DNA was introduced in EL4.E1 and
D10 cells following the procedure described by Fujita et al. (24) but only 1.5 x 107 cells
and 1 x 107 cell per sample were utilized. L cells were transfected using the protocol

outlined by Aubin et al. (25) using 11% DMSO for 1.5 min at room ternperature. In order
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to establish that the same number of copies of DNA were introduced . nto each cell line a
modified Hirt protocol (26) was used.

Cells were harvested and cat assays were performed (18). The protein
concentration in the lysates was determined by the Bio-Rad protein assay. An equal
amount of proteiii (usually between 100-200 pg) from each culture was incubated with
0.014 pCi of 45 mCi/mmol, 0.1 mCi ml [14C]chloramphenicol (Dupont/NEN products), 4
mM acetyl coenzyme A (Pharmacia) and 0.5 M tris-HCI pH 7.8 in a final volume of 100-
150 pl at 37°C for 4 hours. Reaction products were visualized by autoradiography at room
temperature and the relative increases in cat activity were determined by liquid scintillation
quantification of the acetylated and unacetylated [14C]chloramphcnicol after thin layer
chromatography. Each series of cat assays were performed a minimum of three times and
within cach set of experiments the parent vectors (pGEMcat, pFCA56 and pTKcat) were

done in triplicate.
C. RESULTS

1. The 5*-flanking regions of B10 and C11 control CTL-specific transcription

Fragments of C11 and B10 corresponding to residues -828 to +68 (896 bp) and
-1617 1o +31 (1648 bp) respectively (13) were inserted upstream of the cat gene in
pGEM2cat. The reporter gene in these plasmids does not have its own promoter and thus
requires one to be provided by the inserted DNA. Covalently closed circular recombinant
plasmid DNA isolated by the method of Bimboim (21) was transfected into recipient cells
as described in the Materials and Methods. After the cells were harvested and lysed, cat
activity was determined.

Autoradiograms obtained with material from a variety of different cell types are
shown in Figure III.1. The numbers on the left hand side of each panel refer to the cat
activity relative to that given by transfection with pGEM2cat. These fragments, corres-

ponding to the 5'-flanking sequences of C11 and B10, result in levels of cat activity
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significantly above that of the promoterless parent plasmid in two CTL clones MTL2.8.2
{panel Ay and CTLL (panel B).

Introduction of these constructs into EL4 cells (panel D) resulted in essentially no
reporter activity. The positive results with the two control plasmids, pSV2cat and
pRSVcat, clearly indicate that these helper thymoma cells are transfectable. Hirt analyses
also revealed the presence of transfected DNA in the nucleus (data not shown).
Transfection of another helper T cell clone D10 (data not shown) gave a similar negative
result for B10 but a small amount of cat for C11 (1.3 times parent). This result agrees with
Northern blot analysis on D10 which revealed no expression of B10 but a low level of C1:
transcripts (R.C. Bleackley, unpublished). In order to extend our cell specificity studies to
non-lymphoid cells the same constructs were introduced into murire L cells. The results
shown in panel C are essentially identical to those found for the helper cells i.e. no activity
with either B10 or C11 5'-flanking regions. Thus it would appear that the 5'-flanking
sequence of B10 and C11 can confer transcriptional competence to the cat gene in cytotoxic

T cells but they do not function well in T helper cells or non-lymphoid cells.

2. Deleton analysis of 5-flanking regions

In order to define more closely the promoter elements of the C11 and B10 genes a
series of truncated fragments of the 5'-regions were ligated upstream of cat and transfected
into differ~»r cell types. The results are presented in Figure iil.2 relative to the cat acdvity
given by the parent pGEMcat vector.

On the left hand side the various fragments of either B10 or C11 that were ligated
into pGEMcat are indicated with the relative activities on the right. The 5'-flanking region
of B10. described as censtruct pl080cat in Figure I11.1, again showed the cell-specific
stimulation of activity. Somewhar surprisingly when a longer fragment of B10 was used
(construct pl648cat) a lower level of cat activity was observed, but the specificity of

expression was stll retained.  As smaller fragments of B10 upstream sequences were



were for MTL2.8.2 and L cells: 0.2%; EL4 and CTLL cell lines: 0.3% and D10: 0.5%.
Each value represents the average of three ~r more independent experimerts which agreed
within 8-10%. Abbreviations for the res --tion enzyme cleavage sites are E: EcoRlI, P:
Psri, He: HincIl. B- Bglll, T: Taq!.
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inserted, no large change in activity was obscrved down 1o p3l0cat, but a significant
decrease was found in both MTL (2.5 fold) and CTLL (4 fold) between constructs p310car
and p220cat. Clearly a positive regulatory element has been lost, but it should be noted that
P220cat can still confer significant CT L-specific activity.

The pattern for C11 is more complicated and appears to involve a number of
positive and neganve regulatory sequences. The parent C11 plasmid p896cat mediates the
CTL-specific expression of cat activity described earlier. Deletion of 400 base pairs from
the 5'-end of this fragment (construct p495car) resulted in decrease in cat actvity in MTL.
but an increase when introduced into CTLL. Further deletion to vield p31lcat resulted in
an increase in the activity in both MTL and CTLL. Although the differences in the car
signals between p896cat. p495cat and p3llcatdo not appear signiticant. other experiments
support the presence of regulatory elements within these boundaries (see Figures 111.3 and
I11.5). This same pattern was observed more clearly in MTL.2.8.2 when the wransfections
were performed in the presence of sodium butyrate: p896cat, p495cat and p31lcat giving
+4. 20 and 35 fold stimulation above pGEM2cat parent. It would appear that residues =243
to +68 of C11 can give wild type levels of acuvity but both positive and negative elements
upstream modulate this depending on the occupancy of these counteracting sites. A further
deleton from position -243 to - 112 resulted in a dramatic decrease in the level of cat activity
(14 fold) revealing either the presence of a strong positive element between -243 and -112
or the deletion of a basal promoter element.

3. The 5-regions of B10 and C11 contain elements capable of modulating the
fos promoter

The effect of various fragments of B10 and C11 upstream sequences on the fos
promoter are shown in Figure I11.3. The basal level of pFCAS56 obtained for each cell line
varied from one fold (EL4) to approximately six fold (MTL, CTLL, L) that given by the
promoteriess vector pGEM2cat. This value was normalized to 1 and used as the

denomirator for the determination of relative cat activides of the other constructs. The only



FIGURE HI.3 Stumulation and repression of transcription by the 5'-flanking sequences
of B10 and C11 genes on the fos promoter. Fragments of the upstream regions of B10
(upper panel) and C11 (lower panel) genes were ligated upstream of the minimal fos
promoter in pFCAS6 (indicater! on the left hand side) and transfected into a variety of cell
types. The recipient cells and the . .t activities relative to the parental pFCASG6 plasmid are
shown on the right. The abs.:iute values for pFCAS6 driven cat activities for each cell line
were the following: MTiL.2.8.2, 1.0%: CTLL, 2.0%: L, 1.6%: EL 4 and D10, 9.2%.
Results are the mean of wiplicate or more experiments and standard deviations were
between 5-10%. For abbreviations see Figure [11.2.
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B10 5'-sequence that gave a major increase in cat activity above the basal level seen with
the parental fos promoter plasmid was p310Fcat. This is the same fragment of DNA that
gave a 24 fold increase in activity in the promoterless vector assay described earlier. None
of the other 5'-flanking fragments endowed the fos promoter with any significant
enhancement of activity indeed they appeared to suppress cat expression. Most
interestingly, the far upstream region of B10 (-1617 to -1049) by itself appeared to have a
negative effect on fos-driven cat gene expression. This result confirms the presence of a
negative modulatory element within that region implied in Figure I11.2 by comparison of
p1648cat with p1080cat.

The results observed with the fos promoter in the non-CTL cells were interesting as
this same fragment of DNA corresponding to residues -279 1o +31 of B19 also gave an
increase in cat activity. In the promoterless pGEM2cat vec -~ expression was observed
exclusively in cytotoxic cell lines. Thus we have the situation ot a positive upstream
regulatory element that functions on a heterologous but not the normal promoter in non-
expressing cells. Fiiher the B10 priointer is suppressed in the non-CTL or these cells are
missing a factor(s) necessary fo 1 alUVILY.

The 5'-flank of C11 was aiso analyzed using the pFCA56 reporter plasmid. A
significant enhancement of cat activity was seen with construct p439Fcat in both CTL lines.
This fragment corresponds to part of the region of DNA that was lost between p896cat and
p495cat described in the lower panel of Figure [11.2. In those experiments the MTL
ransfeciion results indicated the presence of a positive regulator. The two plasmids
p184Fcat and p255Fcat cover the whole of p439Fcat but neither give ¢ znificant stimulation
of cat activity above the pFCA56. This would indicate that the binding site for the
regulatory protein in question is very close to the Haelll site at -427 of C11. Alternatively,
this may indicate the presence of separate regulatory sequences on these two fragments that

act synergistically, but not independently. As with the B10 po :i’ive element contained in
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pB10 310Fcat, the pC11 439Fcat gave significant levels of activity in L. EL4 and D10
cells.

The other fragmenr that showed high levels of car aciivity in the C11 promoter
deletion experiment (i.e. p31lcat construct COMPprising an insent corresponding to residucs
-243 10 +68) stimulated the activity on the fos promoter (p311Fcat. Figure I11.3) slightly
but nowhere near the 20 fold lev=l seen in Figure II1.2. Thus the two positive regulatory
elements defined with the natural promoter appear to act differently in magnitude with this
heterologous promoter.

In all three cases, p310Fcat, p439Fcat and p311Fcat, the modulatory elements
appeared to work as well in the opposite orientation giving rise to similar levels of cat
activity (see Appendix to Chapter 11I). These observations exclude the possibility that our
results ¢~uld be explained by the additive or competitive effect of the two promoters in
tandem s, in this crientation, the B10 and Cl11 promoters ¢ 1 not influence the fos

promoter dependent transcription of the cat reporter gene.

4. Tissue specificity of homologous versus hetcrologous pi. ;. .

We then directly compared the 1bility of the whole 5'-flarking regions versus the
individual positive elements of B10 and Cl! to mediate issue-specific expression when
fused 10 the fos promoter. The results are shown in Figure HI1.4. A previously the cat
activities were normalized 1o the parent pFOScat transfectants. For B10 pl10O80Fcat and
p310Fcat gave significant stimulation of activity in both MTL and CTLL. However while
the isolated positive elurment mediated transcription in L and EL4 cells the larger 5'-
fragment retained its tissue specificity and did not increase the level of cat above the parent.
The result for C11 is very similar. Constructs pC1i1 896Fcat (large fragment of 5'-flanking
region) and pC11 439Fcat (positive element) both gave expression in the cytotoxic cells but

only pC11 439Fcat was able to stimulate expression in the non-CTL cells. Thus for both
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of these positive elements within the context of their natural environments, they provide

cell-specific regulatory ~ontrol: however, in isolation specificity is lost.

5. Do B10 and C11 regulatory regions work on the tk promoter?

We next asked whether any of the positive and negative elements uncovered so far
would function on the thymidine kinase promoter. The basal level of this promoter is six
fold higher than that of fos, thus the effects of positve regulatcsy elements can be masked
due to the strength of the tk promoter. Despite this we saw a small but significant
enhancement of activity with constructs pB10 310TKcat and pCl1 311TKcat as shown in
Figure IIL5. Surprisingly the dominant positive regulatory element revealed for C11 in the
fos promoter experiments appeared to supprzss transcription from the tk promoter. In
addition, the 568 bp fragment which behaved as a negative element in the context of its
own promoter and the fos promoter did not seem to act as such when placed immediately
upstream of the tk promoter. As for the fos promoter, the fragments inserted upstream of
the tk promoter worked in both orientations, thus obviating the possibility that our results

are due to a summation or interference of transcription from two promoicss.

D. DISCUSSION

During cytctoxic T iymphacyte activation a number of genes become trans-
criptionally active including those encoding perforin. lipase and a family of proteases. The
proteases are particularly interesting as, in the mouse, there are at least six closely related
members, four of which are encoded in the same regior of chromosome 14 (10). Thus it
was believed that all of these protease genes would share a common transcriptional control
mechanism. It was therefore unexpected to find when the genomic sequences of two
family members C11 and B10 (encoding cytotoxic ceil protease 1 (granzyme B) and 2
(granzyme C)) were isolated, that the sequences outside the protein coding regions were

quite different (13). Computer-assisted searching for homologous regions 5 un-



FIGURE III.5 Stimulatory and suppressing activity of 5'-flanking regions of B10 and
C11 genes on the thymidine kinase promoter. Fragments of DNA from the upstream
regions of B10 and C11 genes (indicated on the left) were ligated upstream of the tk
promoter and transfected into a variety of cells (denoted on the right). Catactivities relative
to the parental pTKcat construct are shown on the right hand of the panel. The absolute
values of cat activities measured for pTKcat were 5.0% for MTL2.8.2, 4.0% for L cells,
8.0% for CTLL., 0.4% for EL4 and 0.8% for D10. Values represent the mean of three or
more independent experiments and standard deviations were between 8-10%. For
abbreviations see Figure II1.2.
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revealing, although manual visual inspection did identify some similar sequences. A
number of these had been implicated as cis-acting control elements for other T cell genes.
In order to test whether any of these were playing a role in the control of CCP1 and 2
transcription and to identify other unknown sequence elements, a series of constructs was
made consisting of various fragments of the B10 or C11 genes fused to the reporter gene
cat. These were transfected into a variety of cell types.

Transfections with large fragments of either B10 (- 1100) or C11 (~ 900 base
pairs) 5'-upstream sequences in a promoterless vector increased the levels of cat activity
significantly above those obtained with vector alone in CTL lines. No B10 or C11 driven
cat expression was seen in either the helper lymphoma line EL4 or murine L cells. In
another T helper cell D10, although no activity was detected with B10 sequences, a small
amount was seen with the Cil fragment. However, a low level of C11 but no B10
expression has been detected from the endogenous genes in D10 by Northern blot analysis
(RCB unpublished).

The conclusion from this first set of experiments is that the 5'-flanking regions of
B10 (-1049 to +31) and C11 (-828 to +68) contain positive regulatory elements that are
responsible for the CTL-specific expression of the two genes. However, it should be
noted that this conclusion is based upon transfections in cells that differ in CD8 expression.
We have not evaluated other cytotoxic cells such as NK cells or CD4¥ killers thus, we have
not excluded the possibility that the differences are related to CD8 expression rather than
function. Using a series of deleted upstream fragments these regulatory regions were
mapped further.

For the B10 gene the results indicate that a negative element is present between
-1617 and -1049 (p1648cat versus pl1080cat, Figure II1.2) and indeed this fragment
suppressed transcription from the c-fos promoter (Figure I11.4). The major positive region
appears to be contained within construct p310cat (Figure II1.2) and :his was confirmed

when this fragment was ligated upstream of both the fos (Figure I11.3) and tk (Figure I11.5)
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promoters. However, a comparison of the activities of p310cat and p220cat in Figure 111.2
indicates that a significant reduction has occurred with the deletion of 90 base pairs from
the 5' end of p310cat. Thus we conclude that a major positive regulatory element is
contained within residues -279 to -189 of the B10 genomic sequence.

The C11 5'-flanking region appears to contain two positive regulatory sequences,
one indicated by the decrease in cat activity when p896¢cat and p495cat are compared and
the other contained within construct p311cat (Figure I11.2 and sodium butyrate data). The
former of these was confirmed when the relevant region of DNA was ligated upstream of
the fos promoter (construct pC11 439Fcat, Figure I11.3). These results suggest that a
positive regulatory sequence is contained between residues -682 and -427. The lack of
positive actvity with both pC11 184Fcat and pCl1 255Fcat may indicate that the regulatory
protein binding site is close to residue -427. Alternatively insert 439 may contain two
binding sites that have to be linked to induce an increase in transcriptional activity.

Similarly, Hanson and Ley (27) have recently mapped a strong positive element
within the same region (-682 to -427) of the S'-flanking sequences of the human
homolezne of C11. Both human and mouse C11 genes share a high degree of homology
in this region. This conserved positive element may thus be important in the transcriptional
actvation of the C11 gene.

The regions of DNA where we have mapped these regulatory sequences is
extremely interesting as they correspond to the sites where we have previously detected
DNasel hypersensitive sites in the 5'-flanking regions of B10 and C1! (13). These sites
were found in CTL clones but not in unstimulated thymocytes. Our prediction at the time
was that these regions of DNA would be the ligand binding sites for the regulutory proteins
that conrrol B10 and C11 expression in activated cytotoxic cells.

Inspection of the sequences in the regions suspected :+ . -in the positive
ranscriptional regulatory sequence for B10 (-279 to -189) and €11 (-~%2 10 -427 and -243

to -112) revealed the presence of only two known regulatory cle.rients that were shared
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by the two genes burt differed from the consensus motifs. Both of the C11 fragments
contain AP1 sites (28) at -565 (TCAGTCAG) and - 143 (TGAGTCAT) but the AP1-like
motif in the B10 5'-flanking region at -219 (TGCAGTCAT) is different from the
consensus sequence and may therefore not function as such. An NFxB-like sequence (29)
is located at -230 (GGGACTCTGATACC) in the C11 proximal regulatory region. B10
also has an NFkB-like motif at -210 (GATGGACTTCCT) but its sequence is distinct from
the C11 element The C11 proximal region also includes an AP2 binding site (30) at -203
(CCCCCACCCQ). two Molonev murine leukemia virus or SL3-3 leukemogenic virus
enhancer core sequences (31) at -185 (rGTGGTCTT) and -126 (TGTGGTTACQ), and a
CRE (cAMP responsive element, (32)} motif at -91 (AGACGTCA). In addition, the C11
distal regulatory region contains an OCT (octamer binding) site, (33) at -632
(TTTGCATC), an NFAT (nuclear factor of activated T cells)-like purine motif (34) at -604
(AAGAAGTAGGAA) and a CLE] (conserved lymphokine element 1) site (35) at -566
(AGTGATTCCAC). We conclude therefore that these two genes, that are so similar within
their transcribed regions and are clustered together on chromosome 14, are regulated by
different cis-acting sequences and vide infra different regulatory proteins. This would
explain our previous observations that B10 and Cl1, although they are both
transcriptionally induced upon CTL activation, are expressed at different levels and with
different kinedcs (13).

The "whole" 5'-flanking regions of the two genes {B10 1080 bp and C11 896 bp)
conter CTL-specific expression on the reporter gene constructs (Figures II1.1 and 111.4).
However, when the individual positive elements were removed from their natural
environment and used to regulate ranscription from the fos promoter this cell-restricted
expression was lost (Figure II1.4). Thus the regulated expression of these protease genes
is achieved not just by the presence or absence of a particular element but by the protein in a

particular environment interacting with other regulatory factors and promoter binding

proteins.
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This combinatorial aspect of gene regulation is underscored for the regulatorv
elements described here if we consider the different results achieved with varicus
combinations of positive elements and promoters summarized in Table I11.2. The large
B10 (1080 bp) sequence works well on its own promoter and with fos but not to a
significant degree with the tk promoter. In contrast the isolated B 10 positive element found
within insert 310 works well with all the promoters. For C11 the full 896 bp fragment
functions well by itself or in combination with fos, however when fused to tk it does not
function at all. Even more iutrig :ing results were obtained when this fragment was
dissected into its two positive elements described in constructs p439cat und p311cat. While
the former stimulated fos and suppressed tk, the latter worked reasonably on tk but
significantly worse on fos, when compared io the effect of p896cat and p439cat on fos.
This discrepancy between the fos and tk series emphasizes the importance of using various
promoters with different strengths when searching for regulatory elements in the flanking
regions of genes.

Recently the ability of a muscle-specific enhancer to function in conjunction with the
myoglobin promoter but not the SV40 promoter has been explained on the basis of
differences in TATA binding proteins (36). Similarly the activity of the activation
transciiption factor of the HSP70 gene was dramatically altered by the TATA motif. In
contrast the CP1 factor functioned regardless of the motif (37). Thus in the case of the
HSP70 gene both TATA-dependent and TATA-independent regulation is possible. The
CIl1 gene has a motif CATAAAA that closely resembles that of the fos promoter
(TATAAA) but is quite different from the equivalent region in the tk gene (ATATTAA).
The ability of C11 439 bp fragment to stimulate the fos but not the tk promoter could
indicate that it functions in part by interaction with a specific TATA binding protein. In
contrast it is not obvious that B10 has a TATA motif, the closest is the sequence CAAAAT.
If B10 is indeed TAT Aless one would expect the B10 310 binding protein to stimulate both

tk and fos promoters through the interaction with some other part of the transcriptional
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Promoters
t T
Plasmid/(nucleotides) natural tos i tk
pB10 1080 (-1049 to +31) 27 | 11 1.5
pB10 310 (-279 10 +31) 24 6.0 4.0
pC11 896 (-828 1o +68) 15 ! 29 0.9
pC11 439 (-682 10 -243) - 13 0.3
pC11 311 (-243 to +68) : 18 2.0 2.2
|

TABLE III.2 5'-flanking regions of B10Q and C11 genes stimulate different promoters
differently. Fragments of B10 and C11 5'-flanking regions were ligated into pGEMcat,
pFCA56 or pTKcat and transfected into MTL2.8.2. Cat activities were determined and
are expressed relative to the parent plasmids. Absolute values for the percentage of
chloramphenicol acetylation normalized to 1.0 were for pGEMcat, 0.2; pFCAS6, 1.0;
pTKcat, 5.0. These values represent the average of three or more independent
experiments which agreed with 5-10%.

machinery. As shown in Table I1.2, this is indeed the case. Clearly the situation is
complex and the mere presence of these regulatory elements is not sufficient to determine
CTL-specific transcriptional control. The context of the elements and interactions between
the proteins they bind must be considered of paramount importance. Obviously further
experiments are needed to determine how these elements function and regulate tissue-

specific expression during CTL activation.

In summary (see Figure IIL.6), we have provided the first experimental dissection
of the elements that function to control the transcription of two members of the murine
cytotoxic cell protease family of genes. Sequences within the 5'-flanking regions of both

C11 (~ 900 base pairs) and B10 (~ 1100 base pairs) are sufficient to confer CTL-specific
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FIGURE HL6 Summary of cis-acting regulatory elements in the 5'-flanking regions of
B10 and C11 genes. Areas indicated with - either downreguiate or their deietion results in
an increase in transcription. Pcsitive regulatory regions are marked with +. Abbreviations
for the restriction enzyme cleavage sites are E: EcoR1, P: Pstl, Hc: Hincll, B: Bglll, H:
Haelll, T: Taql, A: Alul, Hf: Hinfl.
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expression on a reporter gene. Further deletion analyses suggest that these regions of DNA
contain positive regulatory elements: two for C11 and one for B10 based upon their
behavior in CTL lines. These sequences, which correspond to DNasel hypersensitive sites
in vivo, can also confer transcriptional stimulatory activity on heterologous promoters but
when removed from their natural environments lose their cell specificity. Inspection of the
DNA sequences in the regions of the positive regulatory elements reveal that they are
different between the two genes and this is also apparent functionally when their effects on
different promoters is compared. Finally, the results described here cannot be explained on
the basis of any of the previously characterized regulatory elements. Thus the cell-specific
regulation of these two genes appears to be under the control of different and novel
regulatory elements that achieve their effects within their specific genomic contexts. It wili
be most interesting to see if this pattern extends to other members of this protease gene

cluster including other CCPs ard cathepsin G.
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APPENDIX TO CHAPTER III

In order to exclude the possibility that our results could be explained by the additive
or competitive effect of the two promoters in tandem, i.e the cellular fos or viral tk fused 1o
C11 or B10, some of the deletion fragments were fused in the antisense orientation to the
cat reporter gene. The resultant constructs were then introduced in the MT1L2.8.2 cells
following the adapted DEAE dextran protocol and tested for their ability to direct the

expression of the cat gene. The levels of cat activity obtained are presented in Table 11IA.1.

Constructs Orientation of B10/C11 % Chloramphenicol
5'-Flanking Fragment Acetylaton
pB10 1080Fcat A It +/~ 08
pB10 1080Fcat B 9 +/- 04
pB10 310Fcat A 5.6 +/- 0.3
pB10 310Fcat B 5.2 /- 05
pC11 896Fcat A 28 +/- 22
pCl1 896Fcat B 31 +/- 1.5
pC11 311Fcat A 1.9 +/- 0.2
pC1l1 311Fcat B 2.0 +/- 0.2
pC11 439Fcat A 13 +/- 1.1
pC11 439Fcat B 10 +/- 06

TABLE IIIA.1 Comparison of the levels of cat activity obtained from the c-fos/cat
constructs containing the 5'-flanking fragments of C11 and B10 in the sense ("A") or
antisense ("B") orientation. Restricted fragments derived from the 5'-flanking region of
C11 and B10 were fused in the "A" or "B" orientation upstream of the cat cassette in the
pFC A56 vector. Following transfection in MTL2.8.2 cells as described in Materials and
Methods, the ability of each construct to direct the transcription of the cat gene was

analysed by cat assays. Standard deviations calculated for each set of triplicate experiments
are indicated.
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No difference in the levels of cat activity was noted between the constructs
containing the C11 or B10 5-flanking fragments in the sense or antisense orientation. This
suggests that the results obtained with the heterologous c-fos and viral tk promoters reflect
the presence of positive and negative regulatory elements in the 5'-flanking region of the

serine protease genes Cl11 and B10.
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CHAPTER 1V

TWO CYTOTOXIC T CELL-SPECIFIC SERINE PROTEASE GENES
HAVE DISTINCT SODIUM BUTYRATE-INDUCIBLE ELEMENTS
WITHIN THEIR UPSTREAM FLANKING REGIONS

A. INTRODUCTION

Cytolytic lymphocytes play an important role in defense against viral and neoplastic
diseases. It now appears that there is more than one way in which these cells can lyse their
targets (Berke, 1989, Ostergaard and Clark, 1989). One mechanism involving the directed
exocytosis of potential effector molecules from cytoplasmic granules has received
considerable attention recently (Young, 1989, Tschopp :.d Nabholz, 1990). These
subcellular organeliles contain a family of serine esterases (Bleackley et al., 1988, Jenne
and Tschopp, 1988, Haddad et al., 1991), a pore-forming protein called perforin or
cytolysin (Podack et al., 1985, Lowrey et al., 1989), proteoglycans (Schmidt et al., 1985,
Young et al., 1987, Tschopp and Corzelmann, 1986), a lipase (Grusby et al., 1990) and
other less well characterized molecules (T'schopp and Nabholz, 1990). The contents of the
granules are released upon interaction with the target and are believed to be active
participants in the annihilation of this cell (reviewed in Young, 1989, Tschopp and
Nabholz, 1990).

During T cell stimulation, the genes that encode the granule-proteins are
transcriptionally activated. Thus, in order to understand how T cell activation is controlled
one must identify the elements that regulate the expression of this fumily of genes.
Although the detailed events that control the expression of the individual genes are not
known, two of the serine protease genes, C11 and B10 (encoding cytotoxic cell proteases
[CCP] I and 2, also known as granzymes B and C) were recently shown to be differently

regulated (Frégeau and Bleackley, 1991a). Both C11 and B10 contain distinct regulatory
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elements responsible for their cell-specific distribution and temporal expression. Early
observations, made following transfection of cytotoxic T iymphocytes (CTLs) in the
presence of sodium butyrate, indicated that C11 and B10 had a different sensidvity to this
inducing agent (Frégeau and Bleackley, 1991b). While both 5'-flanking regions were
equally effective in driving cat transcription in the absence of butyrate, C11 clearly showed
a stronger ability to do so in the presence <f the agent.

Sodium butyrate has been the subject of many previous studies particularly as an
inducer of differentiation. It has been shown to affect gene expression at a number of
different levels including chromatin structure (Kruh, 1982, Birren et al., 1987, Birren and
Herschman, 1986, Perry and Annunziato, 1989, Oliva et al., 1990), transcription (Mickley
et al., 1989, Naranjo et al., 1990, Lazar, 1990, Rius et al., 1990, Chou et al., 1990), and
mRNA half-life (Tang et al,, 1990). However, there are only a few reports (Gorman and
Howard, 1983, Bohan et al., 1989, Tang and Taylor, 1990, Domer et al., 1989) on the
presence of DNA sequences that control butyrate-sensitivity of proximal genes. Here we
describe the effect of sodium butyrate on both C11 and B10 endogenous and Ci1- and
B10-directed cat gene expression. The reason behind the differential butyrate-
responsiveness of the two serine protease jenes appears to be defined by distinct genetic
clements within the 5'-flanking regions of both B10 and Cl1. Furthermore, tl:ese
butyrate-sensitive sequences can confer butyrate-responsiveness to heterologous viral and

cellular promoters such as tk and c-fos that are not normally responsive to this agent.
B. MATERIALS AND METHODS

1. Cell lines and tissue culture

The cytotoxic T cell line MTL 2.8.2 was generated from CBA/Balb/c mice as
described previously (Bleackley et al., 1982). It is an IL2 dependent cell line that can
proliferate in the absence of antigen. L is a standard mouse fibroblastic cell line. These

cells were cultured in RPMI 1640 medium (Gibco Laboratories, Life Technologies, Inc.,



184

Grand Island, NY) supplemented with 10% (v/v) fetal calf serum (HyClone Laboratories,
Inc., Logan, Utah) and 100 puM of B-mercaptoethanol. This is referred to as RHEM

medium. MTL 2.8.2 cells were maintained in RHFM containing 30 units/ml of

recoinbinant .2,

2. Plasmid construction

The various constructs used in this study have been described in detail elsewhere
(Frégeau and Bleackley, 1991a). The parental vectors pGEM 1cat and pGEM?2cat referred
to as pGEMcat are derived from the promoterless vectors pGEMI1 and pGEM?2 (Promega
Corporation). They allow insertion of 5'-flanking fragments at various positions within the
multiple cloning site (MCS) region. pFCAS6 also referred to as pFoscat in this paper was
provided by W. Leonard (NIH) and contains the mouse c-fos essential promoter
sequences, defined by Gilman et al. (1986) (namely the TAT A box without the GC boxes
and the cAMP consensus sequences), linked to the cat gene and downstream SV40-derived
sequences from pSVOcat in pUC13. pTKcat was provided by R. Miksicek (Heidelberg)
and includes the herpes virus thymidine kinase promoter region -109 to +51 (McKnight
and Kingsbury, 1982, Graves et al., 1986) ligated upstream of the cat cartridge and
polyadenylation site of pSV2cat in pUC8. This promoter region contains the TATA box,
the CCAAT box and two SP1 sites (GC boxes).

The deletion fragments were generated from parental plasmids containing the 5'-
upstream region of both B10 and C11 (Lobe et al., 1989), respectively 1648 bp (-1617 to
+31) and 1078 bp (-961 to +117) excised from genomic clones with EcoR1-Accl or
EcoR1-Tth1III and subcloned in pUC13. The various fragments shown in this paper were
prepared from the parental B10 and C11 plasmidzs by restriction enzyme cleavage. Table
IV.1 presents the various constructs used in the current study with the corresponding

portion of B10 or C11 5'-flanking region contained within each vector. A map of B10 and
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genomic position
of the 5'-fragments

Constructs restricted fragments utilised
from the 5'-flanking region

B10: plédscat EcoRI-Accl -1617 1o +31
p1080cat Pstl-Accl -1049 10 +31
p800cat HincII-Accl -769 to +31
p310cat Bglll-Accl -279 to +31
p220cat Haelll-Accl -189 t0 +31
p90cat Bglll-Haelll -279 10 -189
p336cut Pst-Alul -1049 10 -713

Cl1: p89%6cat Taql-Avall -828 to +68
p495cat Haelll-Avali -427 10 +68
p3licat Alul-Avall -243 1o +68
p180cat Hinfl-Avall -112 10 +68
p439cat Alul-Alul -682 10 -243
pl84car HaellI-Alul -427 10 -243
p437cat HaellI-Haelll -864 to -427
p220cat Alul-Alul -902 to -682
p255cat Alul-Haelll -682 10 -427

TABLE IV.1 Summary of the C11 and B10 5'-end-coniaining plasmids. Full length
CI1 and B10 5-upstream regicns were cleaved with the specific restriction enzymes
indicated and the various fragments cloned into three distinct cat plasmids: pGEMcat,
pFCAS6 and pTKcat after polishing the ends with Klenow and/or T4 DNA polymerase and
the additicn of HindIII linkers as detailed elsewhere (Frégeau and Bleackley, 1991a). The
position of the fragments denoted is in reference to the transcriptional start site +1.

Cl1 5'-upstream regions is aiso presented in Figure IV.1.

Plasmid stocks were propagated in E.culi strain DHSa and isolated using the
alkaline lysis procedure (Bimboim and Doly, 1979). We routinely obtained preparations
consisting of more than 90% form 1 (supercoiled) DNA molecules which ensured both

consistency and optimal levels of gene expression in transient assays.
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The B10 and Cl1 5'-flanking regions showing the restriction
endonuclease sites used to generate the various constructs presented. E: EcoRI, Av: Avall,
P: Pstl. Al: Alul. Hc: Hincll. Bg: Bglll, H: Haelll, Ac: Accl, T: Taql, Hf: Hinfl. The
ranscriptional initiation site is represented by +1. The translational start site ATG is also
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3. Transfections and cat assays

MTL 2.8.2 cells were transfected following a DEAE dextran protocol adapted and
opumized for cytotoxic T cell lines (Frégeau and Bleackley, 1991b). Sodium butyrate was
added to a final concentration of 7.5 mM for 13 hours immediately following transfection.
Cells were harvested and cat assays were perforined as previously described (Gorman et
al., 1982, Frégeau and Bleackley, 1991b). The concentration in the lysates was
determined by the Bio-Rad protein assay. An equal amount of protein (usually 100 pg)
from each sample was incubated with 0.014 uCi of 45 mCi/mmol, 0.1 mCi/ml
II4C]chloramphenicol (Dupont/NEN products), 4 mM acetyl coenzyme A (Pharmacia) and
0.5 M Tnis-HCI pH 7.8 in a final volume of 100-150 ul at 37°C for 4 hours. Reaction
products were visualized by autoradiography at room temperature and the relative increases
in cat activity were determined by liquid scintillation quantification of the acetylated and
unacetylated [14C]chloramphenicol after thin layer chromatography. Each series of cat
assays were performed a minimum of three times and within each set of experiments the

parent vectors (PGEMcat, pFCAS56 and pTKcat) were done in triplicate.

4. Preparation of RNA and Northern blot:

RNA was extwracted using guanidium thiocyanate solubilization and centrifugaaon
over a cesium chloride gradient (Chirgwin et al., 1979). Northern blots for hybridizations
were prepared as follows. Total RNA (10-20 pg) was denatured in three volumes of
FFMOPS (50% formamide, 6.5% formaldehyde, 1X MOPS ph 7.0) at 65°C for 15
minutes and size-fractionated on a 1% agarose gel containing 0.7% formaldehyde. RNA
was transferred onto nylon membrane (Hybond-N, Amersham Ltd.) as described by
Thomas (1980). The membranes were cross-linked using the UV StratalinkerT™ 1800 set
at 1200 ploulesX 100 for 40 seconds then prehybridized for 6-12 hours at 42°C in 50%
formamide, 5X SSC (1X SSC: 15 mM sodium citrate, 150 mM NaCl, pH 7.0), 5X
Denhardt's solution, 0.1% SDS, 50 mM phosphate buffer pH 6.5, 1 mM NaPyroPOg4,
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100 mM ATP, 2.5 mM EDTA). Hybridization was carried our in the same butfer with a
[32P]nick-translated plasmid of specific activity 1-2 x 108 cpm/ug (Bethesda Research
Laboratories kit) at 5-10 x 106 cpm/ml. Blots were washed at high stringency ie. 0.1X
SSC/0.1% SDS at 56°C for one hour following washes at 42°C with 1X SSC/0.1% SDS

and 0.2X SSC/0.1% SDS. Densitometric scanning of autoradiograms was used to

quantitate and normalize the amount of RNA in each lane.

5. Dot blot analysis

Low molecular weight DNA was recovered from transfected MTL2.8.2 cells
following the Hirt procedure (Hirt, 1967). Dot blot analysis was carried out on DNA from
Hirt extracts fixed to nylon membranes (Hybond-N, Amersham Ltd.) by filtration through
a multiwell minifold (Schleicher & Schuell, Inc.) as recommended by Amersham Ltd.
(Technical Bulletin P1/162/85/1). Hybridization of the blots was performed at 42°C under
stringent conditions (see above conditions for Northem blots) to [32P]nick-translmcd pCli
896cat plasmid (1 x 108 cpm/pg). Membranes were washed under high stringency in
0.1X SSC/0.1% SDS at 56°C and exposed to Kodak XAR-S film for one day at room

temperature.

C. RESULTS

1. Effect of sodium butyrate on transfected C11 and B10-driven cat gene
expression in MTL2.8.2 celis

MTL2.8.2 cells were wransfected with either pC11 896cat or B10 1080cat, treated
with sodium butyrate for 13 hours at a concentration of 7.5 mM and left to recaver for
various lengths of time (0, 6, 24 or 48 hours) in butyrate-free medium. Cells were then
harvested for cat determination. As shown in Figure IV.2 (panel A), the Cl1-driven cat
gene activity in MTL2.8.2 cells treated with butyrate for *3 hours was higher (2 fold) than
that in untreated cells. Following discontinuation of the drug treatment, the level of cat

activity increased 3 fold (6 fold above the untreated sample) and remained high up to 48
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FIGURE IV.2 Effect of sodium butyrate on Cl1- and B10-directed cat activity.
MTL2.8.2 cells were transfected with either pC11 896cat (panel A) or pB10 1080cat (panel
B) and treated with sodium butyrate for 13 hours at a concentration of 7.5 mM. Following
this step, the cells were either collected immediately or allowed to recover for 6, 24, or 48
hours at 37°C/5% CO2 atmosphere in butyrate-free medium. Cells were then harvested for
cat determination (see Materials and Methods). The absolute percentage of chioramphenicol
acctylation is given on the right. T(-) refers to untreated transfected MTL2.8.2 cells, T(+)
1o butyrate-treated transfected cells and R to recovery time. Exposure time was 24 hrs at
room temperature for C11 and 15 days at room temperature for B10.
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hours in the recovery medium. B10 (panel B), on the other hand. showed no modulation
in the cat activity levels following the addition of butyrate and after its removal from the
medium. In order to determine that this difference between C11 and B10 was not due to a
different number of plasmid copies introduced into MTL2.8.2 cells, Hirt extractions were
performed as described in Materials and Methods. In both cases, the same number of
DNA molecules was found (see Figure IV.3).
2. Effect of sodium butyrate on the level of endogenous C11 an! B10 gene

expression in MTL2.8.2 cytotoxic T cells

MTL2.8.2 cells at a density of 1.5 x 105 cells/ml (two days following their passage
in IL2 (30 units/ml) were exposed to sodium butyrate for 13 hours at a concentration of 7.5
mM. The cells were then washed and left at 37°C in a 5% CO2 incubator in drug-free
medium for 0, 6, 24 or 48 hours before harvest for RNA extraction. Northern blots were
prepared and successively probed with cDNA for B10, C11 and Y-actin. The steady-state
level of y-actin was not changed following butyrate treatment and was therefore used to
normalize the amount of RNA in each lane.

Figure IV.4 shows the densitomeatry plots obtained from analysis of the Northern
blots probed with C11 (panel A) and B10 (panel B). Each diagram represents the steady-
state levels of mRNA corresponding to the endogenous C11 and B10 genes isolated from
untransfected MTL2.8.2 cells immediately following sodium butyrate treatment and various
times after its removal. A two fold increase in the level of mRNA for C11 was detected 13
hours following the addition of sodium butyrate (compare columns 1 and 2, panel A). This
increase was not reversible after discontinuation of the treatment. Indeed, a further two
fold enhancement (i.e. 4 fold above tne untreated cells) was measured after 24 hours in the
butyrate-free medium (compare columns 1 and 4). The steady-state level of C11 mRNA
remained high up to 48 hours post-treatment. A different profile of expression was
observed for B10 where no significant changes in the steady-state levei of its mMRNA were

detected immediately after the 13 hour-butyrate treatment or following the recovery periods



5

25
50
00
50

~ 2 & & @ Copi&s/lo6 cells
@

5= - Sz

= go’-—- o'g S — x106cells

FIGURE IV.3 Determination of the number of copies of pC11 896cat and pB10 1080cat
plasmids introduced in MTL2.8.2 ctlls by transfection. MTL.2.8.2 cells were transfected
with 15 pg of pC11 896cat and pB 10 1080cat using the DEAE dextran protocol outlined in
Materials and Methods. At harvest, cells were washed twice with PBS and low molecular
weight DNA was extracted from these cell pellets as detailed by Hirt (Hirt, 1967).
Standards for the number of copies were prepared using pC11 896cat and an equivalent of
1 copy/10 cells was set as the base for the calculations. Each dot represents the equivalent
of 10° cells.
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FIGURE IV.4 Densitometry plots of the steady-state level of endogenous mRNA for
C11 and B10 serine protease genes following sodium butyrate treatmeat. MTL2.8.2 cells
were transfected with constructs pC11 896cat and pB10 1080cat or uscd nontransfected
and were exposed to butyrate at a concentration of 7.5 mM for 13 hours. Cells were
allowed to recover in inducer-free medium for 0, 6, 24, or 48 hours before harvest for
RNA extraction. Total RNA (20 pg) was denatured and size-fractionated on a 1%
agarose/0.7% formaldehyde gel. Blots were prepared and probed successively with
cDNAs for C11, B10 and y-actin. The autoradiograms were quantitated on a densitometry
scanner. The amount of RNA in each lane was normalized using the y-actin signal.
Column 1: untreated MTL2.8.2 cells, column 2: butyrate-treated cells examined
immediateiy after the 13 hour-treatment, column 3: butyrate-treated cells following 6 hours

recovery in butyrate-free medium, column 4: following 24 hours recovery, and column 5:
following 48 hours recovery.



193

in the drug-free medium (panel B).

In order to establish that the effect of sodium butyrate on C11 and B10 endogenous
gene expression was not altered by transfection manipulations, MTL2.8.2 cells (at a
density of 1.5 x 105 cells/ml) were transfected with either pC1l1 896cat or pB10 1080cat
plasmids as described in Materials and Methods prior to their treatment with the agent. As
above, the length of treatment was set for 13 hours at 7.5 mM and the recovery periods
were (), 6, 24 or 48 hours in drug-free medium. Following RNA extraction, Northern
blots were prepared and probed with the same series of cDNA as was used for the
untransfected samples.

The densitometry plots obtained for this series of samples are also shown in Figure
IV.4 where panel A represents blots hybridized with C11 and panel B with B10. Both
transfected and untransfected samples gave a similar profile of expression after the addition
of butyrate and following its removal.
3. The 5-flanking regions of C11 and B10 can confer butyrate-responsiveness

to heterologous promoters

To determine if butyrate-sensitivity of the serine protease S'-upstream regions was
dependent on sequences found within the promoters, the large 5'-fragments of C11 and
B10 were fused to heterologous sequences i.e. the c-fos promoter in pFoscat and the viral
herpes tk promoter in pTkcat vectors. Following transfection into MTL2.8.2 cells and
butyrate meatment (7.5 mM for 13 hours), cells were supplemented with fresh medium
depleted of inducing agent and incubated for a further 35 hours before harvest. The data
presented in Table I'V.2 demonstrates that although the parental vectors (pFoscat and
pTkcat) were not significantly sensitive to butyrate, the fusion of the C11 and B10 §'-
flanking regions conferred upon them butyrate-responsiveness. The effect was particularly

notable with the c-fos basal promoter where a 11 and 3.1 fold induction in cat activity was
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Fold

Constructs -Butyrate +Butyrate Stimulation

pGEMcat 1.0 (0.27) 1.0 (0.30) 1LO (LD
pB10 1080cat 5.0 (2.49) 10.0 (3.1 1.2 (1.3)
pC11 896¢cat 10,0 (2.7) 35.0 (17.0) 55 (6.3
pFoscat 1.0 (0.88) 1.0 (1.2) 1.0 (1.9
pB10F 1080cat 49 @7 15.0 (18.0) 31 (3.8)
pC11F 896cat 39 (34 41.0 (49.0) 11.0 (12.0)
pTKcat 1.0 (5.3) 1.0 (7.4) LO (1.9
pB10Tk 1080cat 1.8 (9.8) 3.7 (28.0) 2.1 (2.8)
pC11Tk 896cat 1.2 (6.5) 2.1 (16.0) 1.8 (2.4

TABLE 1V.2 Differential butyrate-sensitivity of the S'-flanking regions of C11 and B10
when placed in front of different promoters. MTL2.8.2 cytotoxic T cells were transfected
with 15 pig of plasmid DNA following a DEAE dextran procedure as described elsewhere
(Frégeau and Bleackley, 1991b). One series was treated with sodium butyrate for 13 hours
at a concentration of 7.5 mM then fed fresh medium without drug for another 35 hours
before harvest and cat determination. Values given are relative to the parental vector set at
1.0 and represent the mean of three or more experiments which agreed within 10%. Within
each series of experiments, the parental vectors were done in triplicate. Numbers in
parentheses represent absolute values of cat activity (% chlorarnphenicol acetylation).

measured for C11 and B10 respectively. In its natural contexi and when fused to the ¢-fos
promoter, C11 was better at conferring butyrate-sensitivity than was the B10 5-end (5.5
fold induction (C11) versus 1.2 (B10) in natural context). However, when fused to the tk
promoter, both C11 and B10 were roughly equal at stimulating butyrate-sensitivity (1.8
(C11) and 2.1 (B10)). Thus, it appears that the addition of approximately 1 kilobase

sequence from B10 or C11 is sufficient to increase stimulation by butyrate in a number of

different promoter contexts.
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4. Mapping butyrate-responsive sequences within C11 and B10 5™-flanking
regions
We next examined the 5'-flanking regions of the two serine protease genes to define
the genetic elements that could be responsible for the butyrate sensitivity observed. A
series of deletion fragments spanning the 5'-ends of both Cl1 and B10 genes was
generated using restriction cleavage sites. These fragments were fused to the cat reporter
gene in pGEMcat and rransfected into MTL2.8.2 cells. Following butyrate treatment (7.5
mM for 13 hours). cells were supplemented with fresh medium free of inducer and
incubated for a further 35 hours before harvest. Figure IV.5 represents a detailed
dissection of the 5'-end of B10 (panel A) and Cl11 (panel B). In its natural context, B10
was shown to be nonresponsive to butyrate (see Table IV.2) and the lack of butyrate-
sensitive regions confirms this observation. C11 was quite different in that at least one
butyrate-inducible region was identified. The deletion of the sequences between -828 and -
243 did not lead to a significant decrease (22%) in the fold stimulation by butyrate.
However, removal of the sequences downstream from -243 (i.e. -243 to -112) resulted in a
3.6 fold (72%) loss in butyrate-inducibility. This denoted a proximal site responsive to
sodium butyrate induction.
5. Cl1 and B10 5'-flanking regions have different butyrate sensitivity when
placed within heterologous promoter contexts
MTL2.8.2 cells were transfected with the pFCAS6 series of constructs and
following treatment with butyrate for 13 hours, were left in drug-free medium for 35 hours
before cat determination. Figure IV.6 indicates that for B10, the deletion of the sequences
between -1617 and -1049 led to an increase in the fold stimulation indicating the presence
of szquences that prevented induction by butyrate within these boundaries. Deletion of
Bi0 sequences downstream from -1049 to -769 resulted in a 2.6 fold loss (61%) in
butyrate-inducibility and identified a distal site responsive to butyrate induction (-1049 to -

769) which was confirmed by construct p336Fcat. This site was not revealed in the B10



FIGURE 1IV.5 Effect of sodium butyrate on B10 and Cl11/cat fusion constructs in
MTL2.8.2 cytotoxic T cells. Fragments of the 5'-flanking sequences of B10 (upper panel)
and C11 (lower panel) were ligated upstream of the cat gene in pGEMcat vectors as
described under Materials and Methods and were transfected into MTL?2.R.2 cells. Cells
were subjected to butyrate at a concentration of 7.5 mM for 13 hours. Following a media
change, cells were allowed to recover for 35 hours before harvest and cat determination.
The fold stimulation was determined by assaying both untreated and treated cells.
Numbers presented are cat activities relative to the parent promoterless pGEMcat plasmid.
Absolute values of chloramphenicol acetylation normalized to 1.0 were for untreated cells
0.27 and for butyrate-treated cells 0.30. "Each value represents the mean of at least three

experiments. Abbreviations for the restriction enzyme cleavage sites are E: EcoRlI, P: Pstl,
Hc: Hincll, B: BglIl, T: Taql.
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FIGURE IV.6 Butyrate-responsiveness of the c-fos promoter conferred by B10 and
C11 5'-upstream sequences. Fragments of the 5'-flanking regions of B10 (upper panel)
and C11 (lower panel) genes were ligated upstream of the minimal fos promoter in
pFCAS6 and transfected into MTL2.8.2 cells. Following butyrate exposure for 13 hours at
a concentration of 7.5 mM, cells were resuspended in fresh medium and incubated for a
further 35 hours before harvest and cat determination. The cat activitics relative to the
parental pFCAS56 plasmid are shown. The absolute values for pFCAS56-driven cat activities
were 0.88% for untreated cells and 1.2% for butyrate-treated cells. The fold induction was
determined by comparing untreated and treated samples. All values given represent the
average of at least three experiments. For abbreviations see Fi gure IV.5.
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naturai promoter context. A further deletion of sequences between -769 10 -279 resulted in
an insignificant decrease in stimulation by butvrate (17%).

For C11, the region between -828 to -427 appears to contain sequences that
respond to butyrate since its deletion resulted in a 71% loss in fold stimulation. In the
natural promoter context, the removal of this region showed a minor effect in sodium
butyrate inducibility. Further deletion of sequences upstream from -243 (-427 to -243)
resulted in an increase (2.4 fold or 57%) in butyrate-inducibility. The region between -243
to -112 defined as butyrate-sensitive in the C11 natural context (Figure I'V.5) behaved
similarly when placed upstream of the c-fos promoter i.e. a 7.5 fold (87%) decrease in told
stimulation was measured when it was deleted. Constructs p439Fcat, p437Fcat and
p255Fcat all contain sequences between -682 to -427 and all showed a stimulation of cat
activity (2 to 3 fold) after butyrate treatment. Constructs pl184Fcat and p220Fcat further
indicated that if this region was removed, butyrate-inducibility was also lost. This series of
deletion constructs delineated a distal butyrate-inducible area in C11 (-682 10 -127)

indicating the presence of butyrate-sensitive sequences between these boundaries.

D. DISCUSSION

Many reports have indicated thar sodium butyrate can modulate gene activiyy in a
variety of cell lines. It has also been shown that this agent can have different consequences
on the induction of specific RNAs in the same cell (see Table 1.4 -Introduction of the
thesis). We demonstrated, in an earlier study, that sodium butyrate treatment induces C11-
driven cat gene expression five fold over that of B10-driven cat gene expression in the
cytotoxic T cell line MTL2.8.2 (Frégeau and Bleackiey, 1991b). In this report, we
investigated the reason behind this differential sensitivity to butyrate.

The length of the sodium butyrate treatment and the concentration of inducer chosen

for our experiments were based on a previous optimization study for tansient expression i



201

MTL2.8.2 cells (Frégeau and Bleackley, 1991b). Many other groups have used
concentrations ranging from 1 to 10 mM for 30 minutes to 7 days and measured changes in
mRNA level tfrom 5 to 80 fold depending on the experimental conditions (see Table 1.4 -
Introduction of the thesis). Undoubtedly, shorter or longer exposures will have different
consequences on the level of modulation of gene expression by butyrate. In the current
report, the transfected cat gene expression driven by the C11 5'-flanking region was
induced two fold following exposure to butyrate (7.5 mM) for 13 hours and was further
increased to four foid after 6 hours in butyrate-free medium (Figure IV.2, panel A). The
cat activity remained high up to 48 hours in this recovery buffer. For the B10-directed car
gene expression, the addition or discontinuation of butyrate had no effect as the levels of
cat activity measured were identical to those of untreated cells (panel B).

Comparing Figures IV.2 and IV.3 revealed a similar pattern of expression for the
endogenous genes. C11 endogenous expression was induced approximately two fold when
analysed immediately after the 13 hour reatment (Figure I'V.3, panel A; compare columns 1
and 2). On the other hand, B10 endogenous mRNA level showed basically no change
(panel B). Another interesting observation was that following discontinuation of the
treatment i.¢ 6 hours or 24 hours after removal of the drug, the steady-state levels of C11
mRNA increased even more reaching five fold (compare columns 1 and 4). This increase
was persistent up to 48 hours post-treatment where the last sample was collected. This first
series of experiments provided evidence that the differential sensitivity to butyrate observed
between C11 and B10 was reflected at the level of endogenous as well as transfected gene
expression. Previcus investigators indicated that the pattern of modulation following
removal of sodium butyrate is dependent on the gene analysed (Mickley et al., 1989).
Their conclusion was reached after the examination of unrelated genes such as the
multidrug resistance gene encoding the mdr-1/P-glycoprotein and the transforming growth
factor a. Our results indicate that this statement can even be extended to members of the

same gene family such as C11 and B10.
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The experiments described above also suggested the possibility that specitic
sequences or areas within the 5'-upstream region of C11 could be particularly sensitive to
butyrate. Table IV.2 showed that it is indeed the case. When the 5'-flanking regions of
C11 and B10 were fused to heterologous promoters such as the cellular fos and viral tk.
both were able to confer butyrate responsiveness to the normally insensitive promoters.
C11 showed sensitivity to the inducer in its natural context (see Figure V.2, panel A) and
it was therefore not surprising to see that it could confer sensitivity to other genes.
However, B10 showed no sensitivity to butyra:e in its natural environment (Figure 1V.2,
panel B) and yet was able to confer responsiveness to heterologous promoters. The
disseciion of the 5'-flanking region of B10 provided an explanation for this interesting
observation.

As presented in Figures IV.5 and IV.6, distinct butyrate-sensitive regions were
identified for the C11 and B10 genes. In the case of Ci1, sequences between -828 and -
427 and between -243 and -112 were defined as responsive in the natural Cl1 promoter
context. Although the level of responsiveness was low for the area delineated by
nucleotides -828 to -427, its butyrate sensitivity was confirmed and further narrowed to
nucleotides -682 to -427 when fused to the c-fos basal promoter where a 3.5 fold increase
in cat activity was measured (compare Figures IV.5 and IV.6). Sequences between -243
and -11i2 had the most impact on butyrate stimulation in both promoter contexts with a 7.5
fold increase upon fusion to c-fos. These results are consistent with those of Gorman and
Howard (1983) who observed a 2 to 10 fold enhancement in SV40-directed cat activity in
cells that had been treated for 12 hours with 10 mM sodium butyrate. They speculated that
one of the possible mechanisms by which butyrate might facilitate the transient expression
of exogenously supplied foreign genes was to promote their assembly into "active” or
"open” chromatin. It was also suggested that possible targets of the action of butyrate
could be the cellular DNA-binding proteins. These presumably become post-translationally

modified following exposure to butyrate (Partington et al., 1984, Naranjo et al., 1990,
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Stoddart et al., 1989). A direct consequence of this action would be to alter the network of
interactions between transcriptional factors that bind to regulatory regions and change the
‘ate of gene expression. It is more likely that constructs containing sequences from -682 to
-427 or -243 10 -112 are sensitive to butyrate because these sequences are target sites for
specific factors which are particularly affected by the modifications induced by the agent.
Indeed, the C11 butyrate-sensitive sequences map to DNAsel hypersensitive regions
previously defined (Lobe et al., 1989). Such regions usually correspond to chromatin
domains that are transcriptionally active. This suggests that the genetic elements that are
contained within the butyrate-responsive areas may attract specific factors which are
involved in the activation of the C11 gene.

For B10, sequences from -1049 to -769 were the only ones that showed butyrate
sensitivity. In addition, this responsiveness was apparent only when placed upstream of
the basal c-fos promoter (compare Figures IV.5 and IV.6, panels A). Confirmation of the
sensitivity of this area came from construct p336Fcat where nucleotides from -1049 to0 -713
showed a 2.6 fold enhancement in cat activity over the other deletion constructs. As in
C11, these sequences correspond to a DNAsel hypersensitive region in B10 and may
contain genetic elements required for the activation of that gene. This series of experiments
indicated that responsiveness to butyrate is dependent on the promoter and the sequences in
the vicinity of that promoter.

Similar obscrvations were obtained from groups who studied the effect of sodium
butyrate on expression of transfected DNA molecules. Tang and Taylor (1990)
demonstrated that a nonresponsive promoter such as that of adenine
phosphoribosyltransferase (APRT) could be induced by butyrate by placing an inducible
Moloney sarcoma virus (MSV) enhancer-promoter upstream from it. It was suggested that
the acetylation of histones by butyrate may change the chromatin structure surrounding the
MSYV enhancer in a specific way to open up new avenues for transcription factors to bind

nearby promoters. Another possibility was the activation of trans-acting factors following
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modifications induced by butyrawe: factors which would bind 1o the MSV enhancer and
participate in the formaticn of the ranscriptional complexes to activate APRT. In the same
vain, Dorner et al. (1989) demonstrated that treatment of CHO cells with butvrite increased
the expression of erythropoietin, Factor VIII and von Willebrand factor from stably
integrated and amplified genes which utilize the adenovirus major late promoter in
combination with the SV40 enhancer for transcription. They indicated that the combination
of promoter and enhancer is important in determining the responsiveness of integrated
transcription units to butyrate. The same conclusion had been reached by Gormun and
Howard, who showed that the SV40 promoter was very sensitive tc butyrate but that the
deletion of the enhancer reduced this induction by a factor of 6 to 10 (Gorman and
Howard, 1983).

The results represented in Figures IV.5 and IV.6 are summarized in Figure IV.7.
Cis-acting genetic elements within B10 and C11 5'-flanks appear to include the positive
regulatory regions -279 to -189 for B10 and -682 t0 -427 and -243 to -112 for C11 and the
negative regulatory regions -1617 to -1049 for B10 and -427 to -243 for C11 (Frégeau and
Bleackley, 1991a). The proximal C11 target site for sodium butyrate induction was located
between -243 to -112 relative to the transcriptional start site (+1) which correspond to the
area comprising the regulatory elements reported to exert a positive effect on C11
expression. Because the boundaries of the C11 promoter have not been defined yet, we do
not know if any of the binding sites for RNA polymerase II basal transcription are also part
of this proximal site for sodium butyrate induction. Fragment -243 to -112 contains
sequences homologous to AP1 (Angel et al., 1987), AP2 (Imagawa et al., 1987), NFxB
(Lenardo and Baltimore, 1989) and to SV40 and Moloney murine leukemia virus enhancer
core (Boral et al,, 1989). The presence of these genetic elements may contribute to
butyrate-sensitivity of the region. Indeed, some of them represent recognition blocks for
transcription factors whose activity has been shown to be modulated post-translationally.

AP1 is the target site for fos and jun which are modified following phosphorylation events
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FIGURE IV.7 Summary of the butyrate-responsive elements mapped within the B10
and C11 5'-upstream regions and their relation to the cis-acting regulatory elements defined
by Frégeau and Bleackley (1991a). Butyrate-sensitive sequences are represented by boxes;
those identified in the natural serine protease C11 5'-context are dotted and those delineated
in B10 and C11 with the heterologous promoter c-fos are filled. Negative (-) and positive
(+) symbols delineate the regulatory areas distinct to B10 and C11 that down-regulate and
up-regulate transcription. Sequences within the butyrate-sensitive regions which are
homologous to regulatory motifs identified in numerous genes are also shown. IgH E4,
immunoglobulin heavy chain enhancer core E4; CRE, cAMP responsive element; IL2Ra,
IL2 receptor alpha negative element; CLE1 or CLE2, conserved lymphokine element 1 or 2;
NFkB, nuclear factor of kappa light chain in B cells; AP1 or AP2, activating protein 1 or 2;
OCT, octamer motif; NFAT, purine box of the binding site of nuclear factor of activated T
cells; MMLYV, Moloney murine lo::kemia virus enhancer core, SV40, simian virus 40
erthancer core. The numbering is in reference to the transcription start site +1.
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(Boyle et al.,, 1991). NFkB sequences binds NFxkB which is activated after uts release from
a complex in which it is bound to inhibitor IxB. Phosphorylation reactions mediate this
release (Ghosh and Baltimore, 1990). These sites could also bind other factors which
would be sensitive to butyrate's action.

As yet, there are no reports demonstrating unequivocally that sodium butyrate
causes changes in the binding or function of any cellular transcription factors. However,
acetylation and phosphorylation events of nuclear proteins have been noted following
butyrate treatment (Levy-Wilson. 1981; Boffa et al., 1981; Kruh, 1982; Naranjo et al.,
1990). Thus, sodium butyrate may alter directly or indirectly the post-translational
modifications of C11 transcriptional factors or proteins that act upon these for their activity,
and change the fate of gene expression.

The region of C11 between -682 and -427 contain sequences homologous to AP1,
an octamer (OCT) motif (Wirth et al., 1987), a conserved lymphokine element (CLED)
binding site (Arai et al., 1990) and the purine box of the IL2-specific nuclear factor binding
site NFAT (Fujita et al., 1986; Randak et al., 1990). This area of the 5'-end of Cl1
exerted a major effect on butyrate induction when placed in the c-fos promoter context
(compare Figures IV.5 and IV.6). A possible explanation for such an effect could be that
the C11 DNA-binding factors are sensitive to modifications induced by butyrate and
participate in the formation of transcriptional complexes along with other proteins that
recognize the basal fos promoter. In this instance, the combination of the C11 and fos
transcriptional factors induces the level of cat activity and the response to butyrate.

In the case of B10, the known regulatory elements that are located within the
butyrate-responsive region (-1049 to -769) correspond to the cAMP responsive element
(CRE) (Roesler et al., 1988), an 1.2 receptor a chain (IL2Ra)-specific element binding
site (Smith and Greene, 1989) and an immunoglobulin heavy chain enhancer core
sequences (Lenardo et al., 1987). Similarly to C11, these genetic elements could be

particularly sensitive to the effects of butyrate and along with the c¢-fos proteins, induce the
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formation of complexes which activate transcription of gene expression. Many reports
have correlated phosphorylation status with activity of CREB (Lamph et al., 1990,
Gonzalez et al., 1991). The combination of the B10 factors and the c-fos DNA-binding
proteins appears to b~ required in this instance since the fragment -1049 to -769 in the
context of the B10 5'-flanking region does not increase cat gene expression following
butyrate addition. These results emphasize the combinatorial aspect of gene regulation
whereby modifications of transcriptional proteins mediated by an inducer such as sodium
butyrate will have profound effects on gene activation.

Sodium butyrate has been shown to stimulate HIV-1 gene expression (Bohan et al.
1987). This specific induction was recently attributed to at least two LTR inducible
regions, a distal site -117 to -103 and a proximal site -65 to -17 present within the 3'-LTR
(Bohan et al. 1989). Figure IV.8 (panel A) shows the homologies between the butyrate-
inducible sequences found within HIV-1 3'-LTR and the C11 and B10 5'-flanking regions.
[t was very interesting to find that the C11 region comprising -243 to -112 sequences gave
the highest degree of identity with HIV-1 sequences. This region was butyrate-sensitive in
both contexts examined i.e. natural and cellular fos. These areas of homology between
these two unrelated genes i.e. AGCTTG (-243 to -238), GGGACTNNG (-230 to -222),
CNNGCCCT (-179 10 -172) point to novel butyrate-inducible consensus sequences. No
homology was detected within the C11 region delineated by nucleotides -682 to -427. The
B10 fragment -1049 to -769 also contain sequences that are found in HIV-1 butyrate-
sensitive regions at position -799 to -787. In HIV-1, the butyrate-sensitive sequences map
to the Spl binding site I and II and within the TATA box binding region suggesting the
importance of Spl and TATA box binding factors in sodium butyrate induction of HIV-1
gene expression,.

Tang and Taylor (1990) were able to convert the butyrate-insensitive APRT
promoter into a sensitive one by positioning the MSV enhancer in its vicinity. By

comparing the Mo-MSV enhancer (Thiesen et al., 1988) with butyrate-sensitive regions



FIGURE IV.8 Homologies between HIV-1 3'-LTR butyrate-responsive sequences and
those of C11 and B10 5'-flanking regions. Panel A: the nucleotide sequence of HIV-1 3
LTR (isolate BH10) comprising both butyrate-sensitive regions mapped by Bohan et al.
(1989). HIV-1 butyrate-responsive areas are indicated by a line above the sequences (-117
to -103 and -65 to -17). Sequences from C11 and B10 butyrate-responsive regions that
show homology to HIV-1 3' LTR elements are given above and underneath with Cl11 as
plain letters and B10 as bold. The numbering refers to the position of the sequences within
the 5'-flanking regions of C11 and B10. N refers to pyrimidine or purine. The TATA box
and SP1 binding sites I, II and III identified within the HIV-1 3' LTR are also shown.
Panel B: the 17 bp homologous sequence found between HIV-1 3' LTR, Cl11 5'-end
butyrate-sensitive areas and Moloney murine sarcoma virus LTR enhancer. The respective
position of this 17 oligomer within each context is given.



209

—_————
(§61- 01 11z- pue 69¢- 01 657) DDOVOLIDO0DDDOLID  HLTASTHOW
(1L1-010€2-) LOJOOLLO(TYNIOLILOVODD vordos Suryueyy-g 11D
(Op-0179-)

LIDJDVOO(ON)DDDLIOVODD  dLT£ A

21 6L1- e oz

LOJODNNO 110 ONNLOVODD 110

1] I_
1 190100V (VVIVINO01001VOVOLO000V00LOVODONISVID00000)) L

o _J
I 1dS 1 1dS

L8L- 66L-
DONDNVVINNYLD oid

AN

§9- OPODLOIDOVOPOVIDLLLOVODOOLINIILLLOVODOVYIVLIDLLIOVODL 0Z1-

AR
DLLODV 110
RET- £rT-




210

from the HIV-1 3' LTR and C11, we identified a common 17 bp sequence in all three
nucleotide segments (Figure IV.8, panel B). This element appears to be comprised of two
parts, a nonamer and an octamer which can be separated by a different number of
nucleotides, 6 in the case of HIV-1, 42 in C11 and none in Mo-MuSV. It was interesting
1o note that in HIV-1 3' LTR and in C11, the nonamer and octamer sequences were found
in the same orientation i.e. head to tail while in Mo-MuSV, both elements were facing each
other. In addition, in the Mo-MuSV enhancer, the nonamer sequence was found in the
reverse orientation i.e. reading 3' to 5' instead of 5' to 3' as in C11 and HIV-1. The
presence of this 17 nucleotide sequence, found at two different locations within the Mo-
MuSV and once within HIV-1 3' LTR and 5-end of Cl 1, suggests an imporiant role in
butyrate-responsiveness. Further experiments are required to determine the mechanism(s)
by which these elements could promote butyrate-stimulation when placed within different

genomic contexts.

In summary, we have shown that two members of the serine protease multigene
family, namely C11 and B10, have a different level of sensitivity to the inducer sodium
butyrate. We found that the increase noted for C11-driven transfected cat gene expression
is paralleled by a similar enhancement in the endogenous steady-state level of C11 mRNA.
As well, the butyrate insensitivity of the B10-driven cat gene expression was also apparent
at the level of B10 endogenous gene activity where no modulation was observed after
exposure to the inducer. We have further demonstrated that this differential stimulation of
C11 and B10 is attributed to the presence of distinct responsive sequences located within
the 5'-flanking region which confer butyrate responsiveness to heterologous promoters. In
the natural promoter context, the inducible regions for C11 were delineated between -243
and -112 and -682 and -427. None were found for B1Q which explains its insensitivity to
sodium butyrate. However, one butyrate-sensitive area within B10 was defined when

placed upstream of the cellular fos promoter. This new inducible region mapped to a distal
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site between -1049 and -769. The same region found to sensitize C11 in its natural context
(-243 0 -112) was functional in fos. We have also shown that these B10 and C11
butyrate-sensitive sequences share homologies with HIV-1 3' LTR butyrate-responsive
regions. Finally, we have identified a 17 nucleotide sequence common to elements that
confer butyrate responsiveness to heterologous genes.

The identification of distinct butyrate-sensitive areas within the 5'-ends of two
members of the serine protease family is very interesting. It emphasizes the concept that
these two cytotoxic T cell products are regulated in a different manner and their 5'-upstream
regions bind different factors. It also confirms the results obtained from earlier studies
which indicated that C11 and B10 share minimal sequence homology within their 5'-
upstream regions and contain distinct negative and positive regulatory sequences (Lobe et
al., 1989, Frégeau and Bleackley, 1991a). The experiments performed in this report and
the previous ones (Frégeau and Bleackley, 1991a,b) used the MTL2.8.2 type II cell line
which represents a biological system where constitutive regulation of C11 and B10
prevails. Based on the results accumulated so far, it is possible that the proximal regulatory
butyrate-sensitive regions of B10 and C11 genes would be implicated in their basal
regulation in the MTL2.8.2 cells. On the other hand, the distal regulatory butyrate-
responsive sequences could be involved in inducible regulation of C11 and B10 in the type
I cytotoxic T cell clonés which are both IL2- and antigen-dependent. These studies and

those aimed at looking at butyrate sensitivity in this system are in progress.
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CHAPTER V

GENERAL DISCUSSION AND CONCLUSIONS

Cytotoxic T lymphocytes are members of a network of cells whose role is to protect
against invasion. Recent developments in molecular immunology have provided powerful
tools for the elucidation of the mechanism by which CTLs mediate the destruction of their
targets. As a result, many components of the "killing" process have recently been isolated
and characterized. The present investigation examined the signals responsible for the
transcriptional activation of two members of the CTL-specific serine protease family,
nar 'y CI1 (CCPI1) and B10 (CCP2), that are believed to play an important role in the
process of cell-mediated lysis.

The approach described here has been referred to as the "reverse genetics”. It
involves two steps: 1) the delineation of the control regions of inducible genes such as the
serine proteases and 2) the identification of the distinci proteins that bind each of the
defined control regions. These nuclear proteins are presumably targets for signals
emanating from the antigen receptor. This strategy links the events that take place on the
cell surface with those occurring in the T cell nucleus, and has been used successfully in
the study of IL2, IL3, IL.2 receptor o chain, GM-CSF and G-CSF gene regulation (Arai et
al., 1990, Crahwree, 1989, Ullman et al., 1990). While these analyses have focussed
mainly on helper T cells, much remains to be done to define the genetic controls that prevail
during activation of CTLs.

Earlier studies have shown that the expression of C11 and B10 is restricted to CTLs
and correlates with the acquisition of cytotoxic potential (Lobe et al., 1986). In time course
experiments, the level of both serine protease mRNAs increased dramatically when antigen-
dependent cytotoxic T cell lines or spleen cell cultures were activated by antigen or Con A

(Lobe et al., 1986). Furthermore, the two mRNAs appeared to be sequentially regulated in
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response to stimulation; C11 mRNA being detected approximately 12 hours before B10).
Nuclear run-on transcription experiments revealed that the increase in C11 and B10 mRNA
corresponds to transcriptional induction of the two genes (Lobe et al., 1989), thus
suggesting that regulation of the C11 and B10 genes takes place at the transcriptional level,

Following these studies, the 5'-upstream regions of both genes were examined for
the presence of DNAse hypersensitive sites usually associated with ranscriptionally active
genomic domains. The chromatin in the 5'-ends of C11 and B10 genes was shown to be
relatively decondensed implying that these regions of DNA were accessible to transcription
factors (Lobe et al., 1989). DNAsel hypersensitive sites were mapped at positions - 1000
and -100 in B10 and -400 and -100 for C11. These analyses led to the present study on the
identification of the regulatory elements within the 5'-flanking regions of C11 and B10 and
their respective binding factors.

As a first step toward the identification of the regulatory elements of the C11 and
B10 genes, the ranscription inidation sites for cach gene were mapped (Lobe et al., 1989).
C11 and B10 promoting regions appear very different from the typical eukaryotic promoter
or housekeeping gene promoter. The usual TATAA and CCAAT boxes are not present
although C11 has a CATAAA element at posidon -30 which may function as a TATA box.
B10 does not show any sequences that resemble a TATA consensus. C11 contains two
GC boxes located respectively between -80 and -57 and -446 and -442, homologous to two
of the GC boxes found in the DHFR gene promoter (Blake et al., 1990). These have been
shown to play an important role in transcriptional initiation of certain genes. The functional
properties of these elements in C11 will come from mutagenesis and deletion experiments.
The determination of the minimal sequences required for basal expression of both serine
proteases awaits further investigation.

Since the coding regions of the C11 and B10 genes are so similar and since both are
induced in response to antigenic stimulation, it was expected that they should share

common regulatory elements. Therefore, a search for homology between the C11 and B10
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S'-flanking sequences and for the presence of known regulatory elements within these
regions was performed. The search revealed the presence of a number of potential
regulatory motifs, some of which were shared between the two genes (Tables V.1 and
V.2). These common elements included: CLE2 (conserved lymphokine element 2), CRE
(cAMP responsive element), AP1 (activation protein 1), NFxB (nuclear factor kappa B),
IgH (immunoglobulin heavy chain enhancer core sequences), [IL2/NFAT purine box (IL2-
specific nuclear factor of activated T cells purine box), TCRa (T cell receptor o enhancer
core), c-myc (negative element) and SV40/MoMLYV enhancer core motifs. The genetic
elements distinct to C11 included CLE1, AP2, OCT (octamer motif), two GC boxes I and
II. On the other hand, B10 had sequences homologous to the Ta2 enhancer, IL2Ra (IL2
receptor a negative element) and SV40 enhancer core (reversed orientation). While some
of these consensus sequences have been associated specifically with lymphoid genes
(CLE1, CLE2, IgH, IL2/NFAT, TCR, Ta2), others have been detected in a wide variety
ot genornic contexts (CRE, AP1, AP2, NFxB, SV40 enhancer, OCT).

To determine the functional significance of these genetic elements in C11 and B10
gene regulation, a transfection protocol was first developed for the introduction of
exogenous DNA into cytotoxic T cells (see Chapter II). A number of transfection methods
were tested using the MTL2.8.2 type II cytotoxic T cell line. Electroporation, calcium
phosphate coprecipitadon, lipofection and polybrene-assisted gene transfer did nsi provide
any encouraging results. Only the DEAE dextran-mediated transfer gave significant and
reproducible transfection efficiencies coupled with low toxicity. The DEAE dextran
protocol was optimized for the transfection of a transcription reporter construct pRS Vcat.
In agreement with studies performed by other investigators, CTLs showed a very narrow
window of susceptibility to DNA transfections. This may explain why CTLs have been
notably difficult to transfect following standard protocols.

A number of parameters were optimized to achieve maximal cat expression in the

cloned cytotoxic T cell line MTL2.8.2. One of the very interesting aspects of the procedure
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Element Sequence Position

Ci1

CLE2: TCAAGGTA (-813 to -806)

NFkB-like: GAGAATGACTCCC (-795 t0 -783)

AP2: CCCCCAcCcce (-767 1o -758), (-203 to -199)
OCT: GTTTGCAT (-633 10 -626)

NFAT: AAGAAGTAGGAATG (-603 to -590)

AP1: TCAGTCAGT, TGAGTCAT (-572 10 -564), (-150 to -143)
CLELl: AGTGATTCCAC (-566 to -556)

GC box I: GGCTGATGGGTGCTTGGTGGGCC (-446 to -424)

GRE: TGTTCT (-390 to0 -385)

IgH: TCACTAGATGGTCA (-345t0 -332)

IgH: TACAAGAGATGAGC (-317 10 -304)

c-myc: AGATGAG (-311 to -305)

NFxB-like: GGGACTCTGATACC (-230t0 -217)

MMLV: CTTGTGGTCTT, CTGTGGTTA (-187 10 -177), (-127 10 -119)
CLEl: ATGATTCTCAC (-114 t0 -104)

CRE: AGACGTCA ( -91t0 -84)

GC box II: GGCAGGGGCAGTAGGGCAGGAG ( -80to -59)

CD3 é: AAGCAGA ( -25t0 -19)

TATA-like

box: TCATAAAA ( -31to -24)

TABLE V.1 Homologies between the S'-flanking sequences of C11 and known
regulatory elements. The nucleotide sequences represent the C11 motifs that show greater
than 80 % homology with previously described elements. Comparisons were made from
sequence data from Arai et al., 1990 (CLE1 and CLE2, NFkB), Lenardo and Baltimore,
1988 (NFxB), Imagawa et al., 1987 (AP2), Wirth et al., 1987 (OCT), Fujita et al., 1986
and Randak et al., 1990 (NFAT-purine box), Angel et al., 1987 (AP1), Blake et al., 1990
(GC boxes), Novak and Rothenberg, 1987 (GRE), Lenardo et al., 1987 (IgH), Boral et
al., 1989 and Georgopoulos et al., 1988 (MMLV and SV40 enhancer core), Roesler et al.,
1988 and Miiller et al., 1989 (CRE), Tunnacliffe et al., 1986 (CD3 9).
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Element Sequence Position

B1Q

IgH: ATGTAGAGCAGAGAGC (-1253 t0 -1238)
To2: CAGAGAGCCACATAC (-1245 to0 -1231)
c-myc: CCTCTCTT (-1136 10 -1129)
IgH: ACACACACCTATG (-1018 to -1006)
CRE: TGAGGTCAG ( -998toc -990)
IL2Ra: TCTCACCTCCCAGAG ( -985t0 -971)
IgH: CACTTGGTCATTGGATATGGGGCAA ( -623to -599)
G-CSF: ATTCTGCAAT ( -462t0 -453)
NFAT: AAGGAAGGAA ( -368to -359)
Purine stretch: ( -371t0 -2795)
AP1: TGCAGTCA ( -219t0 -212)
NFkB-like: GATGGACTTCCT ( -210t0 -199)
SV40 rev.: ACCACA (-179t0 -174)
IL2a: TTCATCCCAG ( -146t0 -137)
CLE2: TCAGGAGGTCA ( -125w0 -115)
Sv40

or MMLV: TGTGGTAACAGTGTC (-112t0 -98)
CRE: TGTGACGTCA ( -63t0 -54)
CD36: AAGCAGA ( -48to0 -42)

TABLE V.2 Homologies between the 5'-flanking sequences of B10 and known
regulatory elements. The nucleotide sequences represent the B10 motifs that show greater
than 80 % homology with previously described elements. Comparisons were made from
sequence data from Lenardo et al., 1987 (IgH enhancer core), Ho et al., 1990 (Ta2),
Roesler et al.,, 1988 and Miiller et al., 1989 (CKRE), Smith and Greene, 1989 (IL2 receptor
a chain element), Ullman et al., 1990 and Arai et 2l., 1990 (G-CSF), Karim et al., 1990
and Ullman et al., 1990 (NFAT-purine box), Angel et al., 1987 (AP1), Lenardo and
Baltimore, 1989 and Arai et al., 1990 (NFxB), Jones et al., 1988 (SV40 enhancer core
reversed), Arai et al., 1990 (CLE2), Jones et al., 1988 and Boral et al., 1989 (SY40 and
MMLYV enhancer core), Tunnacliffe et al., 1986 (CD39).
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was the short adsorption time required to obtain optimal cat gene expression. Only 15
minutes at room temperature were sufficient to reach a plateau in car activity; even a S
minute-adsorption period gave a reasonable level of enzyme activity. This represents the
shortest time employed to transfect cells and obtain high efficiency as well as good cell
viability. It was also interesting to observe that none of the usual "facilitators” used to
improve transfection efficiencies or transcription of the reporter genes were functional in
the MTL2.8.2 cell line. Treatments with DMSO, glycerol, PEG or ciiloroquine
diphosphate had no effect. However, a 12 to 13 hour exposure to sodium butyrate at a
concentration of 7.5 mM at 37°C increased the level of cat activity by a factor of five in the
case of pRSVcat.

When tested with the C11 or B10 5-flanking region/cat fusion constructs, this
adapted protocol worked well and a significant level of cat gene expression was detected.
This ransfection method provided an excellent means to start delineating the differences
between two of the CTL-specific serine protease S'-flanking regions. Although the
protocol was not rigorously optimized for other T cell lines, it was shown to be appropriate
for type I cytotoxic T cells whicl depend on both IL2 and antigen for their growth (see
Appendix to Chapter II). These cells represent a more relevant biological system for the
study of immune mechanisms but the difficulty in obtaining large numbers of cells for
experimental purposes has prevented their frequent use. Type I cells were successfully
transfected using the 5 minute-adsorption period procedure as evidenced by the level of
RSV-directed cat gene expression obtained with the quiescent cells. Following stimulation
with PMA/dibutyryl cAMP/IL2 or antigen/IL2, this level increased 3 to 4 fold. Thus type |
cells are also amenable to transfection by this adapted DEAE dextran method.

The mapping of the regulatory elements of C11 and B10 was achieved through the
generation of sequential 5'-deletion fragments fused to the reporter cat gene which were
assayed for their ability to direct the transcription of the cat gene following transfection into

a variety of cell types (see Chapter III). Both C11 (896 bp) and B10 (1080 bp) full length
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5'-flanking regions directed cat gene expression specifically in cytotoxic T cells suggesting
the presence of CTL-specific sequences. No expression was detected in the helper T cell
lines EL4 and D10 or in the fibroblast L cells. The various 5'-deletion constructs further
delineated positive and negative areas that mapped to different locations within the 5'-
upstream regions of C11 and B10. When ligated to heterologous promoters such as the
basal cellular fos and the strong viral herpes simplex thymidine kinase (tk), the modulating
regions lost their CTL-specificity; they worked in both the CTL and helper T cell lines as
well as in fibroblasts. This suggested that CTL specificity is achieved through the
combined action of multiple regulatory DNA elements and their trans-interacting factors.
This combinatorial aspect of gene expression was further noted when the functional
properties of the positive sequences were studied in the context of ubiquitously expressed
promoters. Some of the positive elements of C11 and B10 delineated in the natural 5'-
context lost their stimulatory effect when placed in other genomic contexts such as the c-fos
or viral tk. Thus, the function of the C11 and B10 regulatory elements appears to be
dictated not only by the factors that bind to them but also by the neighboring sequences
which are target sites for other binding factors that participate in the formation of
transcriptional complexes . This is akin to the situation described for numerous eukaryotic
genes (see section C in Inroduction).

Two positive regulatory sequences were mapped for C11 (-682 to -427 and -243 to
+68) and one for B10 (-279 to -189). In addition, each flanking region contains a region
of DNA (B10 -1617 to -1049 and C11 -427 to -243) that has a negative influence on
transcription. The position of C11 and B10 regulatory sequences coincide with DNAsel
hypersensitive sites defined in a previous study (Lobe et al., 1989). These sites were
detected in CTL clones but not in unstimulated thymocytes. They correspond to chromatin
domains that have an altered structural conformation which results in higher susceptibility
to pancreatic DNAsel digestion. They are usually associated with transcriptionally active

or competent regions of genes most probably because trans-acting factors within these
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regions disrupt the packaging of the DNA into nucleosomes. Thus, the regulatory
sequences within C11 and B10 5'-ends presumably activate or repress transcription by
binding nuclear proteins. Preliminary footprint experiments indicate that some areas in the
5'-upstream regions of C11 and B10 are indeed protected from DNAsel digestion by
proteins in fractionated nuclear extracts from MTL2.8.2 cytotoxic T cells (Figure V.1). So
far, the sites that were found within the protected areas include, tor C11: the CRE,
MOMLYV enhancer core (two sites), AP1, IgH E1 enhancer core, IL2/NFAT-purine box
and two novel motifs referred to as X and Y. For B10: the proximal CRE, SV40/MMLYV
enhancer core, CLE2, SV40 enhancer core (reversed), NFxB-like motif, IL2/NFAT-purine
box, IgH enhancer core, two novel motifs referred to as W and Z and the purine stretch
were protected from DINAsel digestion. From these footprints, only a few were found
within the regulatory regions mapped in C11 and B10: the Z motif, APl and NF~3-like
sequence located between -279 and -189 (+ region in B10), the NFAT-purine box, X and
Y elements between -682 and -427 (+ region in C11), the MMLV/SV40 enhancer core
sequences and AP1 site between -243 and -112 (+region in C11). However, the presence
of footprints does not necessarily mean that the bound factors are able to mediate
transcription; they may require Post-transcriptional modifications such as phosphorylation
to become active. This has been seen for CREB where a conformational change induced
by phosphorylation is required for its activation (Gonzalez et al., 1991). In addition, the
presence of footprints over ubiquitous binding sequence motifs does not exclude the
possibility that these are target sites for cognate factors that are involved in the formation of
higher order transcription complexes which are distinct for each gene. It is also possible
that different factors share the same ubiquitous binding mouf.

The topographical maps, although preliminary, suggest that C11 and B10 bind
common as well as distinct factors at different positions within their 5'-flanking regions.
This further implies that these two genes, while sharing significant homology within their

transcribed regions and being clustered together on chromosome 14, may be targets for
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FIGURE V.1 Diagram of the preliminary DNasel footprints in the B10 and Cl11 5'-
flanking regions. Nuclear extracts from MTL2.8.2 cells were prepared as described by
Ohlsson and Edlund (1986). HindOI/EcoRI fragments representing different re§ions of the
5'-flanking sequences of B10 and C11 were labelled at the HindIII end with [ 2p)aCTP.
DNase1 reactions were done in a final volume of 50 ul containing 25 mM Hepes pH 7.8,
50 mM KCl, 0.05 mM EDTA, 0.5 mM DTT. 0.5 mM PMSF, 5% glycerol. Reactions
contained 1-2 ng of end-labelled fragment and 1 pg of poly dI.dC. 50-100 Hg of nuclear
extract was incubated on ice with poly dL.dC for 20 min., after which the DNA was added
and the reaction allowed to continue 10-15 min. at room temperature. MgClI3 and CaClp
concentrations were adjusted to 5 mM and 1 mM respectively and 500 ng of DNasel
added; the reactions were s¢t for 45 sec. Control DNA was digested with 5 ng of DNasel
for the same amount of tiviz. All reactions were stopped by the addition of 100 mM Tris-
HC1 pH 8.0, 100 mM NaCl, 1% sarkosyl, 10 mM EDTA, 100-300 pg/ml of proteinase K
and 25 pg/ml of calf thymus DNA: incubated at 37°C for 15 min. then at 95°C for 2 min.
These mixtures were then phenol-chloroform (1:1) extracted and the DNA fragments
ethanol precipitated. The resultant fragments were analysed on 6% polyacrylamide gels
containing 7 M urea. CRE: cAMP responsive element, SV40 or MMLV: SV40 or Moloney
nurine leukemic virus enhancer core, AP1: activating protein 1, IgH: immunoglobulin
heavy chain enhancer core, X, Y, W, Z: novel motifs not previously described, NFAT:
IL2-specific NFAT-purine box, NFkB: NFxB-like motifs.
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distinct transcriptional complexes responsible for their CTL-specific and sequential
expression. The data accumulated so far show that C11 and B10 share certain genetic
elements with genes that are expressed during the maturation of T cells in the thymus.
These include the AP1 and the CRE binding sites. Thus, the transcriptional regulation of
these genes may share common features.

As discussed in section A of the Introduction, two signals are required to activate a
precursor CTL: antigen and IL2. Triggering the T cell receptor with antigen activates
protein kinase C and increases the intracellular calcium level. Tyrosine phosphorylation
signals are also transduced from the lymphoid cell tyrosine kinase associated with the CD8
receptor. These initial signals cause a transient burst of transcription of a few genes,
including the transferrin receptor, the IL2 receptor a subunit and presumably some
transcriptional factors involved in the activation of these proteins. The increase in C11 and
B10 mRNA appears to occur later, after this initial response (see Table 1.4, Introduction).
Their expression is most likely contingent on the L2 interaction with its cognate receptor
which produces a rapid redistnbution of kinase C from the cytosol to the plasma membrane
where it is activated. It induces the production of secondary messengers which differ from
the classical DAG and IP3. As well, the tyrosine kinase associated with the IL2 receptor
phosphorylates cytoplasmic proteins involved in the activation of genes. It is reasonable to
suspect that C11 and B10 regulatory sequences might respond to signals emanating from
the IL.2 receptor since their expression depends on the presence of this cytokine.

Interestingly, both C11 and B10 have NFkB-like motifs within their 5'-flanking
regions. Itis well documented that this transcriptional factor becomes activated only after
its release from a complex with the IxB protein (Lenardo and Baltimore, 1989, Urban and
Baeuerle, 1990) The release is induced by the phosphorylation of the IxB factor. In
CTLs, signals originating from the [L2 receptor (IL2 kinase) may activate NFxB or other
factors that bind NFxB-like motifs and favour their transit into the nucleus where they bind

their cognate sequences and turn on the C11 and B10 serine protease expression. This
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would be similar to the siuation seen for another member of the serine protease multigene
family, serine protease B, which is involved in the complement cascade alternative pathway
and is transcriptionally activated by IL1. It has been shown that this activation is mediated
by a nuclear factor having a binding specificity identical to that of NFxB (Nonaka and
Huang, 1990). It is possible, therefore, that NFxB or a closely related factor may mediate
the IL2 signal in CTL cells that leads to the acquisition of cytotoxic potential. These
authors have also indicated that the NFxB-like element present in the serine protease B 5'-
flanking regicn car act as an IL1-responsive element, but only in the context of its
surrounding sequences. A similar element in the C4 serine protease gene was
nonresponsive. Thus, coordination between wans-acting factors is required for induction
of geres in general. In this perspective, it is possible that the C11 NFxB-like element may
be tunctional while the B10 NFxB-like motif may not. The converse may also apply.
Another possibility might be that the transcription of several "late" proteins including C11,
which may take place prior to B10 transcription, depletes the available pool of NFkB. In
this instance. the assumption is made that both B10 and C11 NFxB-like motifs bind the
same transcriptional factor. A recent report by Hohmann et al., (1991) indicated that after
exhaustion of the preexisting NFxB factors from NFxB/IxB complexes, de novo protein
synthesis is required to replenish the pool of active NFxB. A lag period would therefore be
registered between the C11 transcription and B10.

The AP1 binding motif (which has been shown to respond to agents that activate
protein kinase C) is found in both the C11 and the B10 S'-upstream regions. This genetic
element has been detected in "early” mitogen-response genes and appears to be invclved in
the eurly regulatory e-ents of T cell activation. The AP1 site in C11 corresponds 1o a true
APL motit with its sequence TGAGTCAT (-150 to -143), however, the motif in B10 is
different from the consensus sequence, TGCAGTCA (-219 to -212). It is possible,
therefore, that the AP1 site in B10 is not functional. The mere presence of an AP1 site in

C11 (true footprint) may be responsible for the fact that C11 transcription always precedes
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that of B10. If activation of the factors that bind to the AP1 motf requires kinase C or ihe
involvement of the IL.2 kinase, the formation of ranscriptional complexes might be induced
which would result in the activation oi C11.

The presence of the CRE binding motif and the fact that it corresponds 1o a
protected region in the 5'-ends of C11 and B10 also suggest that these genes respond to
agents that elevate the intracellular level of cAMP. Furthermore, gel mobility shift and
competition assays revealed that the C11 CRE sequence competes very etfectively for the ¢-
fos CRE motif which has been shown to act as a target site for factors involved in the fos
cAMP-regulated gene expression (Grant McFadden. personal communication). Thus. the
C11 CRE element may represent a bone fide binding site for factors implicated in the
CAMP-regulated serine protease gene activation. A third result, which emphasizes the
importance of this CRE sequence in the ranscriptional activation of C11 and B 10, was
obtained from Northern blots prepared with CTL mRNA following treatment with
dibutyryl cAMP or forskolin. Both agents were found to influence the steady-state level of
the serine protease mRNA (Chery! Helgason, personal communication). ¢cAMP is known
to affect the transcription of several eukaryotic genes by activating a cytoplasmic or nuclear
¢AMP-dependent protein kinase (protein kinase A). Phosphorylation would provoke
conformational changes in binding factors and, in turn, promote their participation in
complexes responsible for the transcriptional activation of the serine protease genes.

Stimulation of CTLs with antigen and 1.2 is a requisite for the transcription of C11
and B10 genes. However, the effect of developmental signals that are transmitted through
this effector pathway can be mimicked by agonists of protein kinases such as PMA (protein
kinase C) and cAMP (protein kinase A). When type I cells were ransfected with some of
the constructs containing the positive regulatory elements from C11 and B10 5'-flanking
regions and were treated with PMA and dibutyryl cAMP, the levels of cat activity detected
in these cells were consistently 2 to 3 fold higher than those measured in the quiescent type

I cells. PMA or dibutyryl cAMP alone did not stimulate expression of the cat gene directed
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by the C11 or B10 5'-upstream sequences. These experiments suggested that both PMA
and dibutyryl cAMP are required for the activation of cat expression and both agents act
synergistically to activate this expression in type I cells. These results are in agreement
with a recent report by Hanson and Ley (1990) who showed that PMA and dibutyryl
cAMP regulate the transcription of the human homologue of C11 in PEER cells. Thus, it
appears that distinct signal transduction pathways converge to regulate C11 and B.0
expression and multiple steps may be involved in the activation process. PMA, dibutyryl
¢AMP and IL2 may separately direct distinct events that are necessary but not sufficient for
the serine protease gene expression in CTLs.

Transcriptional activation of a wide variety of genes by cAMP, PMA. TPA have
been reported to proceed via a xB-like binding motif. At least three different proteins,
NFxB, H2TF1 and PRDII-BF1 can recognize the kB-like binding motif. This provides
evidence for the ubiquitous role of NFkB in transducing extracellular signals. AP1 is also
at the receiving end of a complex pathway responsible for transmitting the effects of
phorbol esters from the plasma membrane to the transcriptional apparatus. Both sites are
present in C11 or B10 and correspond to footprints. They are likely involved in the control
of expression of these two genes. Signals initiated through two cell membrane receptors
can be integrated at the level of the responsive genes. Two separate studies have recently
shown that transcriptional activation of the IL2 and c-fos genes via different effector
pathways or stimuli require distinct upstream regulatory sequences (Fraser et al., 1991,
Sheng et al., 1988). Similarly, activation of the serine protease genes may involved the
participation of different binding factors in the formation of distinct complexes depending
on the original stimuli. DN~sel footprinting experiments performed on quiescent type 1
cells and activated T cells following different stimulation should determine if different
regulatory sequences are used as target sites for binding factors.

During optimization of the DEAE dextran procedure, the level of cat activity directed

by the Rous sarcoma virus LTR was shown to be significantly increased following
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exposure to sodium butyrate for 13 hours. This stimulatory effect was also observed when

the C11 5'-upstream region was used to drive the car transcription.  However, no
enhanced effect was noted for B10 5'-flank. Sodium butyrate appeared to have a
differential zffect on the serine proteases 5'-flanking sequences (Chapter II). Further
experiments performed with sodium butyrate were instrumental in the study of C11 and
B10 gene regulation (Chapter IV). The transfected C11/cat fusion construct as well as the
endogenous C11 gene examined in MTL2.8.2 cells were particularly sensitive to butyrate.
Both followed the same profile of modulation after exposure to butyrate for 13 hours.
B10, however, did not show any modulation of transcription following butyrate treatment
at the transfected as well as the endogenous levels. Further examination of the S'-flanking
sequences of C11 and B10 revealed the presence of butyrate-sensitive areas which
correspond to some of the proximal and distal regulatory regions defined earlier.
Surprisingly, the B10 5'-flank which was not responsive to butyrate also contain one area
which by itself is sensitive to the agent. These results could be explained following the
series of experiments performed with type I cells.

Antigen-stimulated type I cells treated with butyrate for 13 hours showed a patiern
of endogenous and transfected C11 gene expression opposite to the one of type II cells.
Instead of an increase in transcription, a down-regulation was noted (Cheryl Helgason,
personal communication) and see Table V.3. A similar situation was observed for B16.
Experiments with a few of the 5'-deletion fusion constructs indicated that the elements that
were defined as hutyrate-sensitive in MTL2.8.2 cells comresponded to antigen-responsive
elements in type I cells. This suggests that the down-regulation observed may result from
the interference of butyrate with the signals that are ransduced from the cell surface antigen
receptor. The same sequences appear to be targets for both butyrate action and signals
emanating from the triggered T cell receptor. Based on this series of experiments, a model
is presented in Figure V.2 where the proximal regions are important in the "basal” and

CTL-specific expression of C11 while the distal regions are particularly involved in the
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%) Chl henicol Acetrylation
Constructs Quiescent Actvated Activated
(- ) butyrate (+) butyrate
pB 10 1080Fcat 2.5 3.8 2.1
pB10 310Fcat 3.2 6.1 3.5
pC11 896Fcat 1.8 3.5 1.9
pCl11 439Fcat 2.8 7.2 3.2

TABLE V.3 Effect of sodium butyrate on the levels of cat activity driven by the c-fos
promoter in the presence of C11 and B10 5'-sequences in antigen/IL2-stimulated type I

cells. 2 x 107 cells were taken at day 3 following antigen stimulation (see Appendix to
Chapter II for stimulation protocol) and were transfected with 15 pg of each construct and
500 pg of DEAE dextran in 1 ml of mansfection buffer for 5 min. at room temperature.
Cells were washed and placed in complete medium RHFM supplemented with IL2 (30
units/ml) and sodium butyrate (7.5 mM) for 13 hours at 37°C in a 5% CO3 atmosphere.
They were then fed fresh medium depleted of the drug and were incubated for 35 hours
before cat determination. Levels of cat activity shown represent absolute values.

inducible expression of the serine protease genes. Further experiments to examine this
hypothesis are in progress.

I ' would like to point out, however, that the conclusions drawn from this study rely
primarily on cat assays. Transient gene expression assays have limitations and care must
be used both in the design of experiments and in the interpretation of the data. The major
cause of assay variability is differences in ransfection efficiency. To correct for those
variations, several investigators have used cotransfected reporter genes as controls (i.e. B-
galactosidase or luciferase). Such corrective measures aimed at normalizing the levels of
cat activity are not without their limitations (Hollon and Yoshimura, 1989). For example,

the use of a control reporter gene must take into consideration competition between
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promoters of the cointroduced plasmids for limiting amounts of trans-acting transcription
factors, some of which may be shared by the respective promoters. The studies reported
herein have corrected for transfection-induced variation in assay data by measuring the
amount of reporter plasmid DNA in the nuclei of ransfected cells. thus avoiding concemns
about transcripdon factor competition.

Another potential drawback of the transient transfection technique is the possibility
of competition between the endogenous and newly introduced sequences for common
transcription factors. This phenomenon, referred to as "squelching”, may result in biased
interpretation of the data (Ptashne and Gann, 1990). This problem can be overcome by
using retroviral vectors which allow stable expression and low copy integration of the gene
of interest into the host chromosome.

Many analyses aimed at improving the understanding of the regulation of the serine
protease genes should be performed. Competition studies with oligonucleotides from the
protected regions will indicate if separate factors with distinct characteristics bind these sites
or if cooperativity between factors is a prerequisite for binding. As well, deletion of
specific sites should provide clues on the nature of the complexes that are required for Cl1
and B10 transcription. Site-specific mutagenesis experiments will help define the motifs
required for the binding of specific factors responsible for the CT L-specific expression of
the serine proteases. Reconstitution experiments whereby the transcription factors are
isolated through affinity columns and allowed to bind to a fragment of DNA to reconstitute
the sequence of events that lead to the formation of complexes and activation of gene
expression promise to be interesting. Such experiments should determine precisely the
reasons behind the sequential expression of C11 and B10. In addition, it will be interesting
to compare these protected regions obtained using the type I MTL2.8.2 cells with those of
non-CT'L lines such as EL4 (helper T) or L (fibrobfasts) to define the ubiquitous sequences

or those sequences that are not CTL-specific. Gel retardation assays in the presence of
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FIGURE V.2 Model of transcriptional activation for the C11 gene. In the MTL2.8.2
cells, the proximal regulatory elements are responsible for the "basal” and CT L-specific
expression of C11. Upon stimulation of the cells with antigen and IL2, the distal elements
participate in the formation of transcriptional complexes which together with the proximal
region induce the specific expression of the C11 gene in CTL lines.
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phosphatases or kinases will determine the requirement for dephosphoryvlation or

phosphorylation of factors prior to ranscriptional complex formation.

The aim of the present work was a comparison of the transcriptional regulation of
two members of the serine protease gene family. The results obtained provide compelling
evidence for the combinatorial and distinct nature of the serine protease C11 and B10 gene
reguladon. Two positive regulatory regions (-682 to -427 and -243 to +68) and a negative
modulatory area (-427 to -243) were mapped within the 5-end of C11. The B10 -
flanking region also contains sequences that exert a positive effect (-279 to -189) and
negative effect (-1617 to -1049) on transcription. The positive regions are located within
DNAsel hypersensitive sites and confer CTL-specificity to C11 and B10 expression in
their natural context. In addition, this cell-specific expression is achieved through the
combined action of factors that bind to various target sequences in the 5'-upstream regions
of the genes. Both C11 and B10 genes share cis-acting elements such as the CRE, API,
NFxB, IgH enhancer core, MMLV/SV40 enhancer core and also have distinct motifs
including OCT, AP2 (for C11) and Ta2 (for B10) which might play important roles in their
respective wanscriptional regulation. These elements map to very different locations within
the 5-'end of the genes. Butyrate-sensitive sequences were also detected within the 5'-
flanking regions of C11 and B10 (C11, -682 to -427 and -243 to -112: B10, -1049 to -
769). These regions correspond to some of the regulatory areas previously defined and
support the notion that they represent recognition sequences for transcriptional factors.
Preliminary DNasel footprinting analysis suggests that the CRE, AP1 and NFxB motifs
are implicated in the regulation of the serine protease gene expression. The regulation of
C11 and B10 appears to depend on both antigen/IL2 or PMA/dibutyryl cAMP/IL2 which
indicates that signals initiated through different cell membrane receptors may be integrated
at the level of the responsive gene. All these experiments indicate that the two CT L-specific

genes are regulated differendy and are targets for distinct transcriptional complexes. It will
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be interesting to examine those members of the serine protease family that are more related
to B10 and see if they also share similar transcriptional controls. While many key
experiments remain to be done to elucidate the precise transcriptional events behind the
sequential expression of C11 and B10, the experimental approach developed here has
opened the way and provided a few important signposts to guide future investigators. This
information can now be used to modulate the expression of the serine proteases at will and

better define their role in cell-mediated cytolysis.

" The man who removed the mountain began by carrying away small stones."”

_ Chinese Proverb
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