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ABSTRACT
Two

approximately

reciprocal

populations

of

human

peripheral

blood T cells express high and low molecular mass isoforms of CD45, as
identified by CD45RA and CD45R0 monoclonal antibodies (mAbs). Because
these populations

differ in their

immunoregulatory

functions,

they

were

regarded as independent sublineages. However, changes in CD45 isoform
expression

occur

during

the differentiation of

hematopoietic

cells,

and

accompany the in vitro activation of T lymphocytes.
This

thesis

presents

evidence

that

imm unological

memory

associated with the CD45R0 phenotype in CD4 and CD8 T cells.
dilution

analysis

responses

among

shows

high

CD45R0,

frequencies

of memory

but not CD45RA T cells.

populations respond with

similar frequencies to

kinetics

out immunoregulatory

essentially

rule

as an explanation for the poor

is

Limiting

dependent

(recall)

In contrast, both

alloantigens. The response
(suppressive)

phenomena

responsiveness of CD45RA T cells to recall

antigens.

Expression of CD45RA determinants is therefore characteristic of

linprimed

T

cells.

Constitutively

expressed,

lymphokine-induced,

and

transfected class II antigens on a variety of cell types are used to probe the
repertoire and the activation requirements of these cells.
In the thymus, CD45R0 is the predominant CD45 isoform expressed.
The significance of differential isoform expression by thymocytes is not
understood.

Experiments in a recently described chimeric organ culture

system indicate that loss of CD45RA expression precedes the activationinduced death of thymocytes by apoptosis.
Collectively, these findings imply that the sequential expression of
CD45 isoforms marks stages in thymic and post-thymic T cell maturation.
This conclusion suggests a dynamic view of the immune system that allows
changes in both the phenotype and the functional program of individual
cells.
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CHAPTER 1
GENERAL INTRODUCTION.
T cells develop from hematopoietic precursors in the thymus.

This

organ is permissive for the initial stages of thymocyte development, such
as the rearrangement of T cell receptor genes and the expression of cell
surface molecules characteristic of T lymphocytes.

However, in order to

complete

maturation

in the thymus, T cell precursors have

stringent

selective

events

which

deplete

self-reactive

to undergo

cells

(negative

selection), and favour the maturation only of self-restricted cells (positive
selection).

Once they leave the thymus, T cells recirculate between the

blood and lymphoid as well as non-lymphoid tissues.

When they encounter

relevant stimuli, T cells undergo clonal expansion, and can acquire various
effector

functions.

As evidence

for the

existence

of T

cell

memory,

repeated exposure to the same stimului generally results in accelerated T
cell responses, the basis for T cell mediated immunity.
As all leukocytes, T lymphocytes express products of a gene encoding
transmembrane

glycoproteins

of

the

(CD45) throughout their life history.
thesis

presents

evidence

that

leucocyte

common

antigen

family

On the basis of functional studies, this

selective

CD45

isoform

expression

marks

sequential stages in thymic and post-thymic T cell maturation.
1.1.

T

cell

developm ent

in

the

thym us.

The MHC is highly polymorphic, and the TCR-genes undergo somatic
rearrangements during ontogeny.
linked.

Nevertheless, T cells

TCR- and MHC-genes are not genetically
recognise

foreign

antigens preferentially

in

the context of self MHC molecules (Fink and Bevan, 1978, Zinkemagel et al.,
1978).

They are normally tolerant to self MHC molecules in the absence of

foreign antigens and (at least some) self antigens in the context of self MHC
molecules (Kappler et al., 1987; MacDonald et al., 1988).

The alignment

between constantly generated TCRs and the stable set of MHC molecules
occurs in the thymus, where T cell precursors first express a clonotypic T
cell

receptor

differentiation

in

association

antigens

CD4

with
and

the

CD 8 .

CD3
The

complex
interactions

and

also

the
these

recognition structures with MHC molecules and MHC-associated ligands on

thymic stromal cells
differentiation

determine whether or not thymocytes complete

into

mature

T

cells.

This

immunological

their

alignment

is

referred to as 'selection' of the T cell repertoire.
The formation

of (pre-thymic) pro-T cells from hematopoietic

stem

cells is accompanied by the expression of Hermes/CD44/Pgpl, CD7

(both

candidates for homing to the thymus), cytoplasmic CD3 e chain, and the
enzyme TdT (terminal deoxy-nucleotidyl transferase, involved in TCR gene
rearrangement) (reviewed by Strominger, 1989; Haynes et al., 1989).
thymic microenvironment, T cell precursors acquire

In the

CD2, CD1, and 11-2

receptor (Tac/CD25) before they express CD4, CD8 , CD5, and surface CD3.
human foetal thymus, cytoplasmic TCR
pre-T

On the

8

with

expression). TCR a|J expression follows several days later.
basis

of their TCR specificity,

subjected to positive
major

and p proteins (characteristic of

8

cells) appear at 9.5 weeks of gestation (this timepoint coincides

maximal TCR

In

mechanism

immature thymocytes

are

and negative selection by thymic stromal cells.

of negative

selection

is the

deletion

A

of self-reactive

thymocytes, which follows recognition of MHC molecules or MHC-associated
structures in the thymic microenvironment.

This process is thought to be

crucial for the establishment of immunological tolerance to self antigens.
In at least some model systems for clonal deletion (Smith et al.,

1989;

Jenkinson et al., 1989) activation-induced cell death occurs by apoptosis, an
organised

process

which

(in

contrast

to

necrosis)

requires

the

active

participation of the cell destined to die.
In order to

complete their maturation into T cells, thymocytes

not

only need to survive negative selection, they also have to be positively
selected.
same

Positive

and negative selection involve interactions between

the

structures (the T cell receptor, CD4 and/or CD 8 on thymocytes

and

MHC molecules on thymic stromal cells), and it is unclear how they can
result in cell death or survival, respectively (see chapters 7 and
further

discussion).

8
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1.2.

Post-thym ic

T

cell

m a tu ra tio n .

After

leaving

the

thymus,

lymphocytes

between

the

blood

T

cells

and

recirculate

lymphoid

as

organs.

small
In

resting

response to

appropriate stimuli, naive T cells undergo a variety of biochemical events
which lead to changes in gene expression, entry into the cell cycle, and
acquisition

of effector

functions.

Subsequently,

they

may

(more or less) quiescent state (Engers and MacDonald, 1976).

return

to

a

The existence

of memory T cells was implied by the enhanced responsiveness of primed T
lymphocyte populations to recall antigens (Cerottini et al., 1974).
dilution

experim ents

indicated

that

antigen

prim ing

Limiting

(im m unization)

substantially increased the frequency of T cells responsive to this antigen
(MacDonald et al., 1980).
cell

memory, consistent

This suggested a quantitative cellular basis of T
with the

idea that

antigen-reactive

lymphocytes

undergo clonal expansion in vivo (reviewed by Jeme, 1974; Melchers and
Eichmann, 1986).

In contrast to recall antigen reactive cells, alloreactive T

cells were detectable at high frequencies in unprimed as well as in primed
individuals (Ryser and MacDonald, 1979).

Sudies on the inhibition of T cell

allorecognition with antibodies to the murine CD 8 equivalent demonstrated
increased resistance of primed T cell populations (MacDonald et al., 1982)
and suggested that the formation of T cell memory was accompanied by
qualitative (as well as quantitative) changes.
numerous

subsequent

attem pts

to

define

These observations initiated
phenotypic

and

functional

differences between naive and memory T cells (for example this thesis).
Peripheral T cells are heterogeneous with respect to phenotype and
function

(see chapter

1.4).

Some of these characteristics

are

acquired

during thymic development, and remain relatively stable throughout postthymic

development.

An example

is

the

expression

of the

accessory

molecules CD 8 or CD4 and the functional recognition of MHC-class I or class II, respectively.

This thesis contributes to the accumulating evidence

that other phenotypic and functional features of peripheral T lymphocytes
may evolve in a defined and apparently programmed succession of events.

1.3.

T

cell

T

activation.

cell

fragm ents,

activation

typically

generally

associated

follows

with

the

major

recognition

of

antigenic

histocom patibility

complex

(MHC) products expressed on the surface of autologous accessory cells such
as monocytes/macrophages, (interdigitating) dendritic cells, or B cells.

A

substitute for the recognition of nominal antigen in the context of selfMHC is the recognition of allogeneic MHC antigens.

Of clinical importance

as

versus

the

basis

allorecognition

of

transplant

does

(with

rejection
the

and

possible

normally occur in intact vertebrates.

graft

exception

of

host

disease,

pregnancy?)

not

Nevertheless, allorecognition follows

similar rules to T cell recognition of antigens in the context of self-MHC
and serves as a model for antigen-specific T cell activation (see chapter 5
for a more detailed discussion of this assumption).

T cells specific for any

given

occur

nominal

frequencies

antigen

only

et al., 1974).

after

are

generally

environmental

rare,

and

or experimental

with

detectable

priming

(Cerottini

In contrast, in vitro responses to alloantigens do not rely on

memory formation (reviewed by Cerottini and MacDonald, 1989).
Antibodies
surface structures

and mitogenic

lectins

engage

signal-transducing

without the requirement for specific

T cell

recognition by T

cells. Lymphokines and biochemical mediators can also activate T cells.
Appropriate stimulation of T cells rapidly initiates T cell activation.
This process involves at least 70 different genes and their products, leads to
cell division as well as the acquisition of various effector functions, and
may

induce

perm anent

phenotypic

and

lymphocytes (reviewed by Crabtree, 1989).

functional

changes

in

T

1 .3 .1 .

Som e

T

cell

s u rfa c e

m olecu les

in v o lv ed

in

T

cell

a c tiv a tio n .
a)

T he

TC R /C D 3

com plex:

rearrangement of TCR

T

cells

receptor genes,

are

defined

by

and the expression

the

somatic

of TCR gene

products as clonotypic cell surface heterodimers in association with several
non-polymorphic polypeptide chains, referred to as the CD3 complex.
Similar to the immunoglobulins

in their genetic

organisation,

the

TCR a and y chain genes encode V, J, and C segments; additional D segments
are contained in the p and

8

chain genes.

The diversity of the TCR chains

results from the combination of particular gene segments, and the addition
o f random nucleotides between V and J (for a and y chains) or V, D, and J
(for the p and
fo r

somatic

Strom inger,

8

chains).

mutation

In contrast to the immunoglobulin genes, a role
has

not been

shown

in

T

cells (reviewed

by

1989).

The expression of TCR y8 precedes that of a p

in murine thymus, so that

between gestational days 14 to 16 y8 cells predominate.

TCR ap

expressing

cells soon greatly outnumber TCR y8 cells in the thymus, peripheral blood,
and lymphoid organs.

In

the mouse, a large population of

lymphocytes express TCR y8, but this

intraepithelial T

is apparently not the case in humans

(Bucy et al., 1989).
Both a p and y8

TCR are expressed on the surface of T cells in non-

covalent association with CD3, acomplex of 5 (identified) polypeptides,
y,

8

, e, C and r\.

TCR cell surface expression depends on the association with

CD3 components (except n ), and CD3
can regulate CD3/TCR expression.

chains produced in limiting amounts

CD3 y,

8

, and e are structurally

transmembrane polypeptides encoded by closely linked genes.
entirely

cytoplasmic

approxim ately

1 0 -2 0

C subunit

is expressed mainly as a homodimer, but

%

chains

of C

the C chain is

not confined to

(A nderson

al.,

form heterodimers

with

1989).

et al., 1988, see figure 1.2).

r\ (in q -

Expression of

T cells and has been found in

NK cells

Functionally, Cl h e te r o d im e rs

phosphoinositide breakdown more efficiently than
for the phenomenon

related

The a /m ost

expressing cells: q is not required for CD3/TCR expression).
et

CD3

hom odim ers

m e d ia te
(M ercep

Moreover, Cl heterodimers seem to be required

of activation-induced

hybridomas (Mercep et al., 1989).

cell

death

in

murine

T cell

Recent studies suggest that the £ c h a in

contributes to thymic selection events (Nakayama et al., 1989).

The CD3 complex is thought to be involved in signal transduction.
Soluble
m eans

anti-CD3
of

(in

the

absence

cross-linking)

can

of appropriate

interfere

with

Fc

the

receptors

delivery

or other

of

activation

signals to T lymphocytes, but stimulation results when CD3 antibodies are
presented by accessory cells with appropriate Fc receptors (van Waue et al.,
1980).
b)

CD2:

T il,

Originally defined as the sheep red blood cell receptor, CD2 (or

Leu-5, LFA-2) is a non-polymorphic transmembrane glycoprotein of

45-50kD

molecular

mass,

expressed

by

the

great

majority

of

human

thymocytes, peripheral T cells, and cells with NK activity (CD 16 expressing,
CD3 negative cells, large granular lymphocytes) (reviewed by Springer et
al., 1987; Makgoba et al., 1989; Kabelitz, 1990).
prim ary

LFA-3 (like CD2, related

structure to immunoglobulins) has been identified

as a (broadly

•distributed) physiological ligand for CD2 (Selveraj et al., 1987; Springer et
al.,

1987).

Antibodies to CD2 (or LFA-3) can inhibit the formation of

conjugates between T lymphocytes and other cells (e.g. CTL and target cells,
Shaw and Luce, 1987; thymocytes and thymic epithelial cells, Vollger et al.,
1987), and block T cell function.

Three functionally distinct epitopes are

defined by the T i l series of CD2 antibodies (Meuer et al., 1984; Reinherz,
1985): The T i l l
accessible

on

epitope mediates adhesive interactions and is, like T I I 2 ,

resting T cells.

In

contrast,

(full)

T II3

restricted to activated T cells (T II 3 is now called CD2R).
T i l 2 and

expression

In combination,

T I I 3 can mediate T cell activation (Meuer et al., 1984).

phenom enon

may

be

of

physio lo g ical

relev an ce,

is

since

This

various

combinations of CD2/CD2R reagents are effective (June et al., 1986; Bernard
et

al.,

1986),

and

engagement

of T i l 2 can

be

substituted

by

LFA-3

(Tiefenthaler et al., 1987) or the LFA-3 homologue expressed on sheep red
blood cells (Hiinig et al., 1987).
On the basis of results with TCR/CD3 loss mutants of the human T cell line
Jurkat, Bockenstedt et al. (1988) have proposed that CD2 requires expression
of TCR/CD3
reports

for

signal

of lymphocyte

transduction.
activation

via

In
CD2

contrast,
in

the

TCR/CD3 complexes (see Kabelitz, 1990, for review).

there
absence

are

numerous

of complete

For example, Denning

et al. (1989) found immature, CD3 negative thymocytes responsive to CD2
antibodies (albeit in the presence of additional signals), and June et al.
(1986)

found that

CD3

negative

(large

granular)

lymphocytes

have less

stringent requirements for the induction of Ca++ signals via CD2 than CD3

positive T cells.
discovery

These contradictory results

that the CD3

£ chain can be

complete TCR/CD3 complex, possibly

may be explained by the recent
expressed in the absence of a

in association with as yet undefined

structures (Anderson et al., 1989).
CD2 appears early in T cell ontogeny (Reinherz, 1985), but may be
preceded

by the appearence of CD7 and

cytoplasmic

CD3 (reviewed by

Haynes et al., 1989).
c) CD28 (Tp 44):
the

majority

structures
soluble

CD28 is expressed as a disulphide-linked homodimer by

of T lymphocytes.

Like

antibodies

to

other cell

involved in T cell activation (e.g. CD2 and CD3),

form

may

interfere

with the

stimulation

surface

anti-CD28 in

of T lymphocytes, but

crosslinking of CD28, or anti-CD28 in combination with other stimuli (antiCD5,

subm itogenic

concentrations

of

anti-CD3

or phorbol

contributes to T cell activation (Hara et al., 1985; Damle et al., 1988).
costimulatory effects have been described

esters)
Similar

for a number of T cell surface

structures, including CD5 (Thomas et al., 1984), CD45 (Martorell et al., 1987;
Marvel and Maier, 1988; Schraven et al., 1989), and MHC-class I molecules
(Geppert et al., 1988).
ability

to

However, an apparently unique feature of CD28 is it's

specifically

(including 11-2, GM-CSF,
(Lindsten et al., 1989).

enhance

the

h alf-life

of

lym phokine

mRNA

lymphotoxin/TNF-a and y-IFN message) in T cells

d)

The accessory

molecules CD4 and

CD 8 : The

CD4

glycoprotein

is

expressed on the surface of most thymocytes and a population of peripheral
T cells.

Human monocytes and some cells in the central nervous system

also express CD4 (Littman, 1987), but CD4 function is best understood for the
T cell lineage: In the thymus, CD4 contributes to the positive and negative
selection of the T cell repertoire (reviewed by von Boehmer et al., 1989a).
On mature thymocytes and peripheral T cells, expression of CD4 correlates
with the use of MHC-class II molecules as restriction elements by the T cell
receptor (reviewed by Swain,
participates in the

1983; von Boehmer et al.,

1989b).

CD4

activation of class II restricted peripheral T cells, and

mAbs to CD4 can block or enhance various aspects of T cell function
(Biddison et al., 1982, 1983, Biddison and Shaw, 1989; Bank and Chess, 1985;
Emmrich et al., 1987; Saizawa et al., 1987; Sleckman, et al., 1987, 1988;
Blanchard et al., 1988; Ledbetter et al., 1988b; Carrel et al., 1988; Lamarre et
al., 1989a).
On the basis of sequence homology with immunoglobulin (variable)
domains, the extracellular part of CD4 can be grouped into four domains
(Littman, 1987).

Following the discovery that CD4 acts as a cellular receptor

for Human Immunodeficiency Viruses (HIV-1 and HIV-2) (Dalgleish et al.,
1984), binding

sites on CD4 have been defined for the HIV envelope

glycoprotein gpl20

(Lamarre et al.,

1989 a and b; Clayton et al., 1989;

Peterson and Seed, 1988; Mizukami et al., 1988; Landau et al., 1988; Sattentau
et al., 1989), various mAbs (Peterson and Seed, 1988; Mizukami et al., 1988;
Landau et al., 1988; Sattentau et al., 1989; Estess et al., 1990), and MHC-class II
molecules (Doyle et al., 1989; Lamarre et al., 1989a and b; Clayton et al.,
1989).
CD8 a and p (Lyt-2 and Lyt-3 in the mouse) are typically expressed as
heterodimers (or higher multimers) on the surface of most thymocytes, a
subset of peripheral T cells, and somenon-T cells.

Homodimeric CD8 a can

be expressed in the absence of the p chain (for example in cells transfected
only with the a chain), and serves all known functions of the CD 8 a p
heterodimer (Littman, 1987; Veillette et al., 1988; Norment et al., 1988).
The preference of CD4 and CD 8 expressing T cells for MHC-class II
and -class

I restriction

elements,

respectively,

is established

during the

selection of the T cell repertoire in the thymus (von Boehmer et al., 1989a
and b).

CD4 and CD 8 contribute to MHC dependent T cell activation by at

least two different mechanisms.

Firstly, the extracellular part of CD4 binds

MHC-class

II molecules

supporting

interactions

with class

II

expressing

target cells (Doyle and Strominger, 1987; Doyle et al., 1989; Lamarre et al.,
1989a and b; Clayton et al., 1989), whereas CD8 a interacts with MHC-class I
products (Norment et al., 1988).
and CD 8 a

Secondly, the cytoplasmic domains of CD4

associate noncovalently

with the src-related, T cell specific

tyrosine kinase, p561ck (Veillette et al., 1988; Rudd et al., 1988, see figure
1.2).

Despite relatively little sequence similarity, the cytoplasmic domains

of CD4 and CD 8 a
residues)

which

share a motif (including two tightly spaced cysteine

mediates

the

p561ck (Turner et al., 1990).

interaction

with

the

N-terminal

region

of

Interestingly, the short cytoplasmic domain of

CD la, the CD1 product most highly expressed on immature thymocytes in
covalent association with CD8 (Ledbetter et al., 1985a), consists of a similar
motif (Calabi and Milstein, 1986; Turner et al., 1990).
Extracellular crosslinking of CD4 causes the autophosphorylation of
p561ck, as well as the phosphorylation of the CD3 £ chain (Veillette et al.,
1989).

The

latter event may

be

facilitated

by

the

transient

physical

association between CD4 and TCR/CD3 observed in activated T cells (Saizawa
et al., 1987; Kupfer et al., 1987).

This interaction is probably important,

since experimental co-crosslinking of CD4 or CD 8 with CD3 can stimulate
resting T cells (Emmrich et al., 1987; Ledbetter et al., 1988b).

e)

The

leucocyte

common

antigen,

glycoproteins

common

antigen

CD45,

expressed

Thomas and Lefrancois,

fam ily,

com prises

exclusively

a

by

CD45:
fam ily

of

hematopoietic

1988; Thomas,

1989).

The

leu co cy te

transm em brane

cells

(reviewed

by

Structurally, antigenically

(and possibly functionally) diverse isoforms of CD45 are generated from a
single gene by the

alternative use of three variable exons, A, B,

(corresponding to exons 4 to

and C

within the primary transcript, see figure 1.1

6

for illustration) (Ralph et al., 1987; Barclay et al., 1987; Saga et al., 1987;
Streuli

et

al.,

1987).

Three

variable

exons

allow

eight

possible

permutations, at least six of which have been identified as cDNA clones
from mouse, rat, and man (Ralph et al., 1987; Barclay et al., 1987; Saga et al.,
1987; Streuli et al.,
combinations

comes

1987).
from

Evidence for the existence of all possible
studies

using

the

polymerase

(PCR) with exon-specific primers (Chang et al., 1989).
may

be

generated by

post-translational

chain

reaction

Additional diversity

modifications:

variations in

the

glycosylation patterns of individual isoforms have been suggested (Bazil et
al., 1989).

The sequence of the extracellular part of CD45 contains multiple

sites for 0-linked and N-linked glycosylation, and the three variable exons
are especially rich in O-linked glycosylation sites.
around

10

%

expression
surface

of

will

leucocyte

surface

quantitatively

Since CD45 constitutes

glycoproteins,

and

qualitatively

selective
affect

isoform

carbohydrate

expression.
The first few N-terminal residues (encoded by exon 3) are shared by

all CD45 isoforms.
directly

to

exon

To generate the smallest CD45 isoform, exon 3 is joined
7,

which

marks

sequence common to all isoforms.
isoform

the

start

of the

membrane-proximal

Antibodies against the resulting 180 kD

are called CD45R0, because their reactivity

is restricted (R) to

isoforms including none (0) of the variable domains (Knapp et al., 1989).
The

mAb

UCHL1 recognises

a carbohydrate-dependent

epitope

on

the

human 180 kD CD45 isoform (Cobbold et al., 1987; Terry et al., 1988; Pulido et
al., 1988; Bazil et al., 1989).

The use of exons A, B, and C leads to variability

close to the N-terminus of CD45.

The nomenclature for corresponding

antibodies reflects the domain recognised, e.g. 'CD45RA' designates reagents
with (restricted) reactivity to exon A-dependent epitopes.

Antibodies to

exon A encoded epitopes (CD45RA) precipitate several high molecular mass
CD45 isoforms at 205 and 220 kD.
CD45RB reagents.

An additional 190 kD band is recognised by

The expression of CD45 isoforms is not random.
re fle c ts

d ev elo p m en tal

hematopoiesis.

stages

B cells generally

(CD45RA),

whereas

the

(including

CD45R0)

is

and/or

Selective expression

lin eag es

in

m am m alian

express high molecular mass isoforms

expression

of

characteristic

low
of

molecular

granulocytes

weight
and

isoforms

monocytes.

Human T cells and thymocytes are heterogeneous in terms of CD45 isoform
expression.

CD45RA reagents and the CD45R0 mAb UCHL1 define two

largely reciprocal populations of human T lymphocytes.

In contrast, the

CD45RB antibody PD7 stains most lymphocytes (Pulido et al., 1988).
In this thesis, CD45 isoforms are used merely as phenotypic markers
for human T cells.

Whereas the search for physiological CD45 ligands has

not been successful,
dem onstration

that

a functional role for CD45 has emerged
the

cytoplasmic

activity (Tonks et al, 1988).

domain

has

tyrosine

with the

phosphatase

This discovery places CD45 in a growing family

of tyrosine phosphatases (some of which, like CD45, are transmembrane
glycoproteins,

whereas

others

are

soluble:

see Tonks

and

Charbonneau,

1989, for review).
The CD45-associated tyrosine phosphatase activity may explain some
of the functional effects of CD45 (in particular CD45RA) antibodies on T
lymphocyte functions in vitro.

T cell proliferation in response to PHA may

be inhibited (Bemabeu, 1987) or enhanced (Ledbetter et al 1988a; Marvel
and Maier 1988) by CD45 reagents.
provide

a costimulatory

signal

Moreover, anti-CD45 has been found to

which

may

replace

the

requirement

for

accessory cells in T cell responses to CD3-sepharose (Martorell et al., 1987),
and enhance T cell activation induced by anti-CD2 reagents (Schraven et
al.,

1989).

Effects on I1-2/I1-2R expression by peripheral T cells

and

thymocytes have been noted (Ledbetter et al., 1985; Marvel et al., 1989;
Deans et al., 1989).
The use of mAbs in combination with bifunctional crosslinkers, solid
phase

adsorption,

and

biotinylation

(followed

by

avidin)

have

allowed

Ledbetter et al. (1988a) to selectively cross-link CD45 with other molecules
involved in T cell activation.

In this system, the Ca++

flux induced by

crosslinking of CD4 alone was enhanced if CD4 and CD45 were crosslinked
together.

In contrast, T cell activation by anti-CD2, -CD3, and -CD28 was

inhibited when CD45 was crosslinked with these molecules (Ledbetter et al,
1988a).

The enhancement of CD4-mediated signalling is consistent with the

observation that the CD4 associated tyrosine kinase p561ck is a substrate for
CD45 tyrosin^*4^ * ^**and may be subject to activation by CD45 (Mustelin et

al., 1989; Ostergaard et al., 1989; reviewed by Hunter, 1989, figure 1.2).
Furthermore, p561ck is implicated in the tyrosine phosphorylation of the
CD3 C chain (Veillette et al., 1989, figure 1.2).

Whether £ is a substrate for

CD45 remains to be tested.
Evidence that CD45 may be crucial for TCR mediated stimulation
comes from a study by Pingel and Thomas (1989).

An immunoselected CD45-

deficient mutant of an antigen specific T cell clone failed to respond to
antigen and anti-CD3 mediated stimulation, but proliferated in response to
11-2.

The ability to respond to TCR engagement was regained by a CD45-

expressing

revertant.

All CD45 isoforms tested seem to have similar levels of tyrosine
phosphatase activity in vitro (Ostergaard et al., 1989).

Whether this is also

the case in vivo is difficult to predict, since little is known about the
regulation
1989).

of CD45

tyrosine

phosphatase

activity

(reviewed

by

Hunter,

A potential mechanism is based on the observation that CD45 is

phosphorylated
Trowbridge,

on

1980;

serine

in

Autero

response

and

to

PKC

Gahmberg,

activation

1987).

(Omary

Even

if

and

tyrosine

phosphatase activity was a constitutive property of all CD45 isoforms, the
resulting effects might be regulated by the lateral positioning of CD45
relative

to

carbohydrate

its

substrates.

D ifferences

content between

CD45

isoforms

in

protein

may

confer

structure

and

selectivity

for

ligands (on the same cell, on apposed cells, or the extracellular matrix), and
affect the distribution of CD45 phosphatase activity.

Legend to figure 1.1 (next page):

Schematic representation of the CD45

gene, showing enlarged the region encoding the CD45 N-terminus.

Exons

are numbered, based on the genomic organisation of the murine CD45 gene,
and variable exons (4 to

6

) are labelled A, B, and C, as assigned by Streuli et

al. (1987). cDNAs are derived by alternative splicing.

Where cDNAs have

been isolated, the species is indicated in plain typeface: human (h), mouse
(m), rat (r).

The italic letter m

represents murine cDNAs that have been

demonstrated only by PCR (Chang et al., 1989).

The approximate weight

(MW) is indicated in kD for translated and glycosylated products (gp) as
assigned

by

Lefrancois

and

Thomas

(1988).

Note

different exon usage may be indistinguishable by size.
After Streuli et al., 1987; Lefrancois and Thomas, 1988.

that

products

with

28
Figure 1.1.

CD45 isoforms are generated by the differential exon usage.
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f)

A dhesion

and

hom ing

molecules:

The

interactions

between

the

TCR/CD3 complex, CD4, and CD8 on T cells with MHC molecules on target cells
are crucial for thymic selection and antigen specific, MHC restricted T cell
recognition (reviewed by von Boehmer et al., 1989a and b).

However, the

major contributions to the contact between T lymphocytes and other cell
types are due to two other ligand pairs, CD2/LFA-3 and LFA-l/ICAM-1 (Shaw
and Luce, 1987; Blanchard et al., 1988; reviewed by Makgoba et al., 1989).
Homing-

and

adhesion-molecules

control

the

migratory

behaviour

of T

cells (see Jalkanen et al., 1986; Duijvestin and Hamann, 1989; and Stoolman,
1989, for reviews).
In

addition

to

the

general

role

which

adhesion

and

homing

molecules play in T cell activation (see Springer et al., 1987), some of these
structures have been shown to affect T cell activation directly.
LFA-1/ICAM:

LFA-1 (CDlla/CD18, aL /p 2 leucocyte integrin; the p2

chain is shared by the two other leucocyte integrins CD llb/M A C-1, and
C D llc/pl50,95) is the physiological ligand for ICAM-1 and -2 (Makgoba et
al., 1988, 1989).

LFA-1 antibodies inhibit T cell function and interfere with

conjugate formation between T lymphocytes and accessory/target cells (see
Springer et al., 1987, for review).

However, LFA-1 antibodies may also

affect T cell activation by anti-CD3-coated surfaces, which is thought to be
independent of T cell-accessory

cell interactions.

Surprisingly,

opposite

effects were reported following engagement of the two LFA-1 chains: antiCD18

reagents blocked,

and

anti-CD 11a reagents

enhanced

the

response

(van Noesel et al., 1988).
ICAM-1
domains.

(CD54)

is

a transmembrane

glycoprotein

with

5 Ig-like

ICAM-2 has only two Ig-like domains, which are similar to the N-

terminal domains of ICAM-1.

Both ICAMs act as ligands for LFA-1 and, in

addition, as receptors for rhinoviruses (reviewed by Makgoba et al., 1989).
ICAM expression

is

inducible

on many

cell

types

by

activation

or in

response to cytokines, and is readily detected on activated T cells (reviewed
by Makgoba et al., 1989).

Weak reactivity of ICAM-1 mAbs with a population

of peripheral blood T cells has been described (Buckle and Hogg, 1990).
CD2/LFA-3: Two different forms of the Ig-like LFA-3 molecule (CD58)
arise

by

segment,

alternative
the

other

splicing:
form

is

one

has

a

conventional

phosphatidyl-inositol-linked.

transmembrane
As

discussed

above, LFA-3 functions as a ligand for CD2 (Selvaraj et al., 1987; Springer et
al., 1987), and CD2 represents an 'alternative pathway' of T cell activation
(Meuer et al.,
signalling,

1984).

have

The two aspects of CD2 function, adhesion and

been

elegantly

separated

in

transfection

studies

with

truncated CD2 molecules (Moingeon et al., 1989).
CD44 (Pgp-1, Hermes antigens), Leu- 8 /T Q l
integrin family):

(M el-14), CD29 (VLA

Lymphocytes circulate from post-capillary venules (with

the distinctive histological appearance of high endothelial venules, HEV)
into

peripheral

lymphoid

tissues,

from

there

via

lymphatics

(converging

ino the thoracic duct) back to venous blood (see Jalkanen et al., 1986; Berg
et al., 1989; Stoolman, 1989, for reviews). The M el-14 molecule mediates the
site-directed migration of murine T (and B) cells through HEV to peripheral
lymph nodes (PNHEV), but not Peyer's patches or mucosal surfaces.

Similar

observations

Pgp-1)

m olecules

in
are

the

human

directing

system

suggest

lymphocyte

that

traffic.

CD44

(Hermes,

Although

cloning

of

Hermes/CD44 cDNAs from different lymphoid tissues has revealed a single
sequence, post-translational modifications could confer tissue specificity of
lymphocyte

migration,

and

explain

both

the

differential

reactivity

and

distinct functional effects of various Hermes/CD44 reagents (see Stoolman,
1989,

for review).

CD2/LFA-3

By

interactions,

an unknown mechanism,
and

anti-CD44

reagents

CD44
are

in

cell-cell

interactions,

binding

of

modulates

costimulatory

anti-CD2 as well as anti-CD3 (reviewed in Haynes, 1989a).
involvement

also

with

In addition to this

CD44

to

extracellular

matrix components has been demonstrated.
The mAbs Leu - 8 and TQ1, described as markers for functional T cell
heterogeneity (Reinherz et al., 1982; Kansas et al, 1985; Damle et al., 1885,
1987, see chapter 1.4.1), both react with the human homologue of Mel-14
(Camerini et al., 1989).
forms,

with

a

As discussed for LFA-3, Leu- 8 /TQl exists in two

conventional

transmem brane

anchor,

and

linked

via

phospatidyl-inositol (Camerini et al., 1989).
The M el-14 antibody (reactive with the PNHEV binding structure of
m urine

lym phocytes)

antigen(s) and
al.,

1988),

prim ary

crossreacts

with

human

H erm es/P gpl/C D 44

blocks human lymphocyte binding to PNHEV (Jalkanen et

although

structure.

M el-14

and

Hermes/Pgpl/CD44

P ost-translational

are

m odifications,

unrelated
possibly

in
the

attachment of ubiquitin, may explain the antigenic similarity (reviewed by
Jalkanen et al.,

1988;

Stoolman,

1989).

Expression of Leu-8/Mel-14 is

downregulated

in

response to T cell

stimulation,

possibly

affecting

the

migration of activated cells (Jung et al., 1988).
CD29

mAbs

(like

4B4,

Morimoto,

1985b)

identify

expressed by the VLA (very late activation antigens)
molecules
components

which

mediate

cellular

(see

Hemler,

1988,

interactions
for

with

review).

T

detectable VLA-1 and VLA-2 only after activation.

the

pi c h a in

family of integrin
extracellular

lymphocytes

matrix
express

Other members of the

family, like VLA-4, are found on most resting and activated leukocytes.

A

murine homologue of VLA-4 (LPAM-1) is involved in lymphocyte homing
to Peyer's patches (PPHEV), suggesting the possibility that tissue specificity
of lymphocyte

homing may be conf^ed

by

synergistic

than one class of molecules (Holzmann et al., 1989).

effects

of more

Maybe in support of

this concept, antibodies to LFA-1 (see above) interfere with the binding of
T cells to high endothelial venules, and their migration to lymph nodes,
mucosal, and lymphoid tissues (reviewed by Duijvestin and Hamann, 1989).
T cell VLA antigens apparently mediate synergistic activation of T
cells

the

extracellular

matrix

component

fibronectin

and

anti-CD3

reagents, since CD29 antibodies block this effect (Matsuyama, et al. 1989).
Engagement of the CD29 antigen can also inactivate T cells,

an effect

mediated by elevated cAMP levels (Groux et al., 1989, see chapter 1.3.7.).

1.3.2.
a)

Biochemical

and

genetic

C

(P L C ),

P h o s p h o lip a s e

re s u ltin g

m e sse n g er

events

in

m o lecu les,

calciu m

of protein kinase C (PKC):

cell

is

(P IP 2 )

by

the

the

cell

activation.

p h o s p h o in o s itid e - h y d ro ly s is

and activation
activation

T

hydrolysis

(C a + + )

m o b ilis a tio n ,

An early event during T

of phosphatidylinositol

mem brane-bound

and

enzyme

4,5-bisphosphate

phospholipase

C

(PLC).

Engagement of either CD2 or CD3 can result in PLC activation (Friedrich et
al., 1989), but the events coupling CD2/CD3 to PLC have not been clarified.
G-proteins as well as tyrosine phosphorylation (see below) may be involved
(reviewed by Alexander and Cantrell, 1989).
Two

immediate

itrisphosphate

(IP 3 )

products
and

of

PIP 2

breakdown

1,2-diacylglycerol

are

(DAG)

inositol

(figure

1,4,5-

1.2).

The

resulting changes in intracellular Ca++ concentration and the activation of
the serine/threonine kinase protein kinase C (PKC) are described here, but
o ther

biochem ical

consequences

of

phosphoinositide

turnover,

including

the release of (the prostaglandin-precursor) arachidonic acid, and changes
In the cytoplasmic pool of cyclic guanosine monophosphate (cGMP), are
not discussed (reviewed by Nishizuka, 1986).
Calcium
in

(Ca+ + ):

response

products

An increase in the

to

in o sito l- 1 ,4,5,trisphosphate

resulting

from

A rise in Ca++
(using

Ca++

additional

phosphoinositide
concentration

(IP 3 ),

and

signals,

elevated

(Smith

unresponsiveness

(to

et al.,

possibly

other

turnover.

can

be

induced

ionophores) or by engaging CD3/TCR.
cytoplasmic

activation of T lymphocytes.
thymocytes

cytoplasmic Ca++ concentration occurs

Ca++

pharm acologically
In the absence of

is not sufficient for the

Stimuli that increase cytoplasmic Ca++ can kill
1989)

and,

TCR-mediated

in

isolation,

stimulation)

in

induce
some

T

long

lasting

cell

clones

(reviewed by Mueller, 1989, see chapters 1.3.8.g and h).
Protein

kinase

C (PKC):

The

activity

of the

serine/threonine

kinase PKC is dependent on Ca++ and phospholipids.
P IP 2 hydrolysis results in IP 3
levels).

Another PIP 2

protein

As described above,

production (and increased cytoplasmic Ca+ +

breakdown

product,

1,2-diacylglycerol

(DAG),

facilitates the activation of PKC by reducing its Ca++ requirements.
allows the enzyme to operate at physiological Ca++

concentrations.

DAG
On

activation, PKC translocates from the cytosol to the plasma membrane.

The

CD3 y chain as well as CD4, CD8 , CD45, class I MHC, and several cytosolic
molecules are substrates of PKC (reviewed by Alexander and Cantrell, 1989).
CD3

heterodimers appear to be much more efficient as initiators of

phosphoinositide turnover than

££ homodimers, and

heterodim ers

may

be required for PKC activation and phosphorylation of the CD3 y c h a in
(these events are impaired in

T |-

deficient T cell hybridomas).

Tyrosine

phosphorylation (see below) is apparently unaffected in q-deficient T cells,
indicating

that

homodimers

couple

normally

to

tyrosine

kinase(s)

(Mercep et al., 1988).
The activation of PKC can be induced pharmacologically by exposure
to

12-O-tetradecanoyl-phorbol-l3-acetate

phorbol esters.
activate

PKC

and

other tumor-promoting

These components are structurally

related to DAG, and

by

direct

binding.

In

(TPA)

response,

human

modulate CD3/TCR and express interleukin 2 receptors.
phorbol

esters

in the

absence of additional

signals

T

lymphocytes

The application of
has been

found

to

induce transient unresponsiveness of human T cell clones to TCR-mediated
stimulation (Ando et al., 1985).

Chronic exposure to phorbol esters depletes

induceable PKC activity, and has been reported to render murine T cell
clones unresponsive to CD3/TCR mediated stimulation.

Responsiveness

to 11-2 was not impaired, indicating that CD3/TCR and I1-2R mediated stimuli
utilise distinct pathways (Valge et

al., 1988).

Similar results were obtained

with PKC deficient mutants (Mills et al., 1988).
b)

C y c lic

a d e n o s in e

dependent protein

m o n o p h o s p h a te

kinase A (PKA):

(cA M P )

Receptor-mediated

and

cA M P-

PKC as well as

tyrosine kinase activaty are both modulated by intracellular cAMP and the
cAMP dependent protein kinase A (PKA) (reviewed by Kammer,
PKA is

generally

in terferen ce

with

antagonistic

for T lymphocyte

phosphoinositide

tyrosine kinase activity in response

to

turnover

1988).

activation, possibly
or

in terferen ce

with

TCR ap engagement (reviewed

Patel et al., 1987; Kammer, 1988; Alexander and Cantrell, 1989).

by
by

Direct

stimulation via anti-CD3 reagents may be less susceptible to this form of
modulation,

perhaps

indicating

the

the TCR and CD3 can be affected

possibility

that the coupling

between

by cAMP (Klausner et al. 1987; compare

Finkel et al., 1989 for evidence of variable coupling between the TCR and
CD3).

An example of cAMP effects on human lymphocyte activation was
provided by Groux et al. (1989):

The anti-CD29 reagent K20 (but not other

CD29 mAbs tested) induced a rapid rise of cAMP concentrations in human
CD4 T cells and blocked their activation in response to various stimuli.
authors

discuss

the

possibility

that

CD29-regulated

cAMP

levels

The
might

provide a means of regulating the immune response (Groux et al., 1989, see
chapter
c)

1.3.8.e).

Tyrosine kinase(s):

tyrosine

kinase

CD3/TCR mediated

activity,

of the CD3 £ chain

resulting

in

stimulation induces protein

increased

tyrosine

as well as other substrates (Klausner

phosphorylation
et al., 1987).

A

candidate for this activity is the src-related, T cell specific tyrosine kinase,
p561ck.

This enzyme (associated with the cytoplasmic domains of CD4 as

well as CD 8 , Veillette et al., 1988; Rudd et al., 1988) has been shown to
mediate tyrosine phosphorylation of the £ chain (Veilette et al., 1989).
Tyrosine kinase activity is also detected in response to CD2-mediated
T cell
chain

stimulation,
was

found

but
in

interestingly,

response

to

tyrosine phosphorylation

anti-CD3,

bot

stimulation of T cells (Weissman et al., 1988).

not

of the

anti-CD2

£

mediated

Other differences between

CD2- and CD3-mediated T cell stimulation (Jin et al., 1990) and CD3- or TCR
ap-m ediated T cell

stimulation are beginning to emerge

(Klausner et al.,

1987; Finkel et al., 1989).
R ecent
tyrosine

studies

with

phosphorylation

pharm acological

events

may

be

inhibitors

required

for

indicate

the

initiation

that
of

phospholipase C activation, phosphoinositide turnover and PKC activation
(Mustelin et al., 1990).
d)

P h o sp h a tase s:

Dephosphorylation

events

are

important

reversibility of cellular activation (reviewed by Hunter, 1989).
phosphatase activity

can also have stimulatory effects:

for

the

In addition,

As described for

other members of the src family, p561ck (the CD4/CD8 associated tyrosine
kinase

introduced

in

chapter

1.3.1 .d)

dephosphorylation (reviewed by Hunter,

is

activated

1989).

by

tyrosine

The tyrosine phosphatase

CD45 (see chapter 1.3.l.e) dephosphorylates p561ck, and is likely to modulate
it's function (Mustelin et al., 1989; Ostergaard et al., 1989).
has stimulated
provided

interest in

a possible

CD45

explanation

as a signal
for the

transducing

effects

various lymphocyte functions (see chapter 1.3.l.e).

of CD45

This observation
molecule,
antibodies

and
on

Possibly related to the

physiological function(s) of CD45 is the description of the CD45 loss-mutant
of a murine T cell clone, which failed to respond to CD3/TCR mediated
stimulation.

The mutant did, however, proliferate in 11-2.

A spontaneous

revertant had regained responsiveness to CD3/TCR mediated signals (Pingel
and Thomas, 1989).
The identity of CD45 as a phosphatase was first suspected on the basis
of sequence similarity with a soluble tyrosine phosphatase isolated from
human placenta (reviewed by Tonks and Charbonneau, 1989).

Since then,

'sequence comparison' by means of low-stringency hybridisation and PCR
with degenerate primers has yielded a number of related molecules, some
soluble,

and

some

Charbonneau,
(leukocyte
to

1989).

antigen

CD45

m em brane-associated

(review ed

Maybe the most interesting
part, the

Tonks

example

related) transmembrane molecule.

in the cytoplasmic

by

and

is the LAR

Highly

homologous

extracellular domain

of LAR is

completely different from CD45, and shares similarity with the neural cell
ahhesion molecule, NCAM.

In contrast to CD45, the expression of LAR is not

confined to leukocytes (Streuli et al., 1988).
e)

C hanges

re g u la tio n :

in
Within

transcription

of

expression

is

oncogenes

c-fos

detected.

tra n s c rip tio n a l
15

to

nuclear

initiated,
and

30 minutes
elevated

c-myc

T

for

levels

(implicated

p o s ttra n s c rip tio n a l

after

factors required
and

These events

and

in

cell

1 1 -2

of

and

mRNA

cell

activation,

cycle

1 1 -2

for

the

receptor

the

proto

regulation)

are

occur independently of protein synthesis (reviewed

by Crabtree, 1989).
A second series of changes is dependent on protein synthesis (e.g.
nuclear

D N A -binding

lymphokines

and

factors

the

are

expression of

required

for

lymphokine

the

production

receptors),

and

of

occurs

between 1 and 24 hours after activation, before the first round through the
cell cycle is completed.

Included in this group are various lymphokines

and

(e.g.

lymphokine

receptors

11-2 and

the

55kD chain

of the

11-2

receptor/Tac antigen/CD25, both crucial for the progression of activated T
cells through the cell
the

transferrin

cycle),

receptor

the proto-oncogene c-myb, transferrin

(CD71), and

many

other

gene

products

and
(see

Crabtree, 1989, for references).
After the first division, activated T cells begin to express elevated
levels

of HLA-class

II,

ICAM-1,the

activation

antigen/memory

marker

CD26/Tal (Hafler et al., 1986), and various members of the VLA/integrin |31

family (see chapter 1.3.1 .f) recognised by CD29 mAbs.

Several structures

involved in cell adhesion, for example LFA-1

and -3 are up-regulated in

numbers and/or affinity (Dustin and Springer,

1989; reviewed by Makgoba

et al.,

1989).

The CD45R0-associated determinant recognised by the mAb

UCHL1 is expressed (see Wallace and Beverley, 1990), but little is known
about the biochemical basis for this change in CD45 mRNA splicing or the
programming of the post-translational modifications required to create the
UCHL1 determinant (Bazil et al., 1989).

Some T cell surface molecules are

(partly) lost on activation, e.g. Leu- 8 /T Q l, the human equivalent of Mel-14
(LNHEV receptor in the mouse), and CD45RA (Jung et al., 1988; Serra et al.,
1988).

The altered pattern of adhesion molecules on activated T cells affects

their distribution
chapters

1.3.1 .f

in lymphoid
and

8.2),

but

and non-lymphoid
the

functional

tissues

(as

consequences

discussed in
of

class

II

expression and changes in CD45 isoforms are not understood.
Some

of

the

structures

and

events

schematically represented in figure

1 .2

described
(next page).

in

chapter

1.3.2.

are

Figure 1.2.

Molecules and biochemical events related to T cell activation.

beta

TCR
alpha

CD45

CD3 g a m m a
delta
epsilon

i|P

y7/77////M77/.
Y/////////M77, y //////7
561ck

V //////////A

W

O

f some
^ tyrosine
ki nase

trans
location
(PKC)

Legend to figure

1.2 :

Schematic of various T cell plasma membrane

associated structures mentioned in chapter 1.
Each TCR/CD3 complex contains either a

See text for abbreviations.

homodimer or a

heterodimer,

but both possibilities are shown to illustrate different signalling pathways.
Whether the TCR a

chain spans the membrane has been questioned by

Goverman et al. (1990).
($ 0^) serine/threonine
tyrosine

phosphorylation

phosphorylation

event

(saP) tyrosine {^phosphorylation

event

/*

® disulphide

event

link

After Mercep et al. (1988), Alexander and Cantrell (1989), Hunter (1989).

1.3.3.
a)

Functional

consequences

P ro liferatio n :

d istin c t

phases:

d iffe re n tia tio n

of

T

cell

activation.

Proliferation of lymphocytes occurs in (at least) two
im m ature

from

lym phocytes

h em atopoietic

p ro life ra te

p re c u rso r

d u rin g

cells,

and

lymphocytes proliferate in response to (antigenic) stimulation.
to the clonal selection theory,

the latter phase

th e ir
m ature

According

leads to the expansion of

lymphocyte clones selected by reactivity with antigen (reviewed by Jerae,
1974; Melchers and Eichmann, 1986).
a particular

antigen

will

be

As a consequence, cells responsive to

detectable

at

elevated

frequencies

after

priming (reviewed by Cerrottini and MacDonald, 1989; see chapter 1.3.8.f).
P ro liferatio n

generally

precedes

the

acquisition

of

effector

functions by T and B lymphocytes, e.g. helper- as well as cytotoxic (and
suppressive) activity by T cells, and B cell differentiation into antibodyproducing plasma cells.
b)

Lym phokine production:

The proliferation of activated T cells is

sustained by the action of T cell growth factors.

Murine T cell clones have

been classified according to the factors they produce and utilise in an autoor paracrine fashion (see Mosmann and Coffman, 1989, for review).
cells produce and utilise 11-2.

TH1

TH2 cells can respond to exogenous 11-2, but

their auto/paracrine growth factor is 11-4.

Activation of TH2 cells requires

the presence of (usually accessory cell derived) II- 1 .
Il-4-producing human peripheral T
(Lewis et al.,
principal

cells

occur at low

1988), suggesting that 11-2 rather than

auto/paracrine

growth

factor

used

by

frequencies

11-4 may be the

these

cells.

This

conclusion is supported by the profound inhibition of T cell responses by
antibodies to the 55 kD chain of the 11-2 receptor (Uchiyama et al., 1981;
reviewed by Diamantstein and Osawa, 1986).

Various other T cell derived

lymphokines contribute to T cell effector functions, for example y-IFN or
TNFa/lymphotoxin (reviewed by Kelso, 1989).

This thesis does not contain

data on lymphokine production by CD45-defined T cell populations, but
published information is reviewed in chapters 8.1.5 and 8.1.6.

c)

Help:

Immunoglobulin

collaboration
1988).

production

to

many antigens

between T and B lymphocytes (reviewed

In vivo experimentation in the

cognate T-B cell interactions:

requires

the

by Lanzavecchia,

mouse has lead to the concept of

The delivery of antigen specific T cell help to

B cells is MHC-class II restricted (Mitchison, 1971).

Therefore, interactions

of T lymphocytes with B cells parallel those with other antigen presenting
cells.

B cells can internalise native

antigen

at low

concentrations

means of their surface Ig receptors (see chapter 1.3.9.c).

by

Subsequently, B

cells present (processed) antigenic fragments in association with class II
m olecules,

i.e.

in

a

form

suitable

for

recognition

by

T

lymphocytes

(reviewed by Lanzavecchia, 1988).
In

the

human

differentiation

in

system,

vitro

has

antigen
been

influenza virus (Callard, 1979).

specific

T cell

demonstrated

for

help
recall

for

B

antigens

cell
like

T cell dependent, but non-specific B cell

differentiation is induced by Pokeweed

mitogen (PWM).

Studies on the

ability of human T cell populations to provide help for B cells commonly
employ this non-cognate system (see chapter 1.4.).

Help for B cells is an

aspect of T cell function not experimentally addressed in this thesis.
The priming of CD 8 T cells may require help by CD4 T cells (or
exogenous 11-2).

In some cases, activated B cells may be able to support the

acquisition of cytotoxic effector function by CD 8 T cells (Fishwild et al.,
1988; Liu and Miillbacher, 1989).

Chapter 4 contains an example for the

activation of CD8 CTL by lymphoblastoid B cell lines.
d)

C ytotoxic

effector

function:

Specific

cytotoxic

effector function

can be triggered by TCR engagement in activated cytolytic T cells (CTL).
For human CTL, this activation process has been dissected experimentally
into stimuli for proliferation (e.g. anti-CD2 mAbs) and stimuli that induce
the additional acquisition of cytolytic function (e.g.
al., 1987).

1 1 -2

or y lF N ) (Gromo et

It is not clear that this latter requirement can explain why some

CD8 CTL precursors (CTLp) depend on help by CD4 T cells, since CD8 T cells
activated

by

alloantigens

have been

shown

to

produce

1 1 -2

in humans

(Paliard et al., 1988) and in the mouse (Kelso and Gough, 1988).
CTL are typically MHC-class I restricted, but cytolytic activity is also
found among human CD4 T cells.
useful

for

presentation

immunological
of peptides

Class I restricted CTL may be particularly

surveillance
derived

from

purposes

due

endogenously

to

the

preferential

synthesised

material

in the context of class I molecules (see chapter 1.3.4.a), and the broad tissue
distribution of class I products.
lym phocytes
examples

are

for

cells

functional

of

Among the potential targets of cytotoxic T
various

developm ental

interactions

between

T

lineages,

providing

lymphocytes

and

non-

hematopoietic APC.
Studies by Townsend and colleagues have provided formal proof that
class

I restricted

antigen

recognition

by human

CTL

involves

antigenic

peptides in association with MHC-class I molecules (Townsend et al., 1985;
reviewed by Townsend and Bodmer, 1989).
In

vitro

perforins

and

propagated

CTL

clones

secrete

serine esterases

in

response

to

granules

triggering.

containing

Perforins

are

related to complement components, and are thought to mediate cell lysis by
forming pores in target cell membranes.

Interestingly, primary CTL often

lack detectable granules, and it is unclear how these cells lyse their targets
(reviewed by Young and Liu, 1988).

Triggering of granule-containing CTL

in

detectable

the

absence

Nevertheless,

of Ca+ +

prevents

target cell lysis

secretion

1987).

granules.

was still observed under these conditions,

suggesting alternative mechanisms of CTL-mediated killing
al.,

of

(Ostergaard et

Lysis by CTL induces DNA fragmentation by endonucleases

endogenous to the target cells (Russel, 1983; see paragraph g, this chapter),
and 'deathless' target cell mutants have been described.
indicate

that

CTL

activity

may

require

cooperation (Russel, 1983; Ucker, 1987).

some

These observations

degree

of

target

cell

e)

Suppression:

functions

T cell activities resulting in the dampening of immune

(usually

B

cell

differentiation

and

Ig-secretion,

or

T

cell

proliferation) are called suppression (reviewed by Eardley and Hunt, 1986;
Mitchison, 1987; Sasazuki, 1989).

In contrast to helper and cytotoxic T cells,

it has been difficult to obtain

clonal populations of suppressor T cells

(reviewed by Eardley and Hunt, 1986).

The existence of a T cell population

dedicated to suppressor function is therefore|jsubject of debate, and little is
known about the mechanisms of suppression (see Flood, 1986, for a review
on antigen-specific suppressor factors).

Whereas suppression mediated by

CD4 T cells has been described (Thomas et al., 1981; Moore and Nesbitt, 1986,
1987),

CD 8

is considered

because depletion of CD 8

as the

typical phenotype of suppressor cells

T cells often abrogates suppressive phenomena

(reviewed by Eardley and Hunt, 1986; Mitchison, 1987; Sasazuki, 1989).
analogy to CD 8 CTL (see preceding paragraph),

By

CD4 T cells may be required

for the induction of suppressor effector function by CD 8 T cells.

Whether

this involvement of CD4 T cells can explain the apparent class II restriction
observed for suppressive phenomena mediated by CD 8 T cells is uncertain,
since, for example, MHC-class I restriction of CD 8 CTL can be demonstrated
despite the involvement of CD4 T cells in their generation.

The MHC-class

II products commonly implicated in the induction of suppression are IE in
the mouse, and DQ in humans (reviewed by Mitchison, 1987; Sasazuki, 1989).
Some of the phenomena originally interpreted
found

alternative

explanations.

For

example,

as suppression have

suppressor-epitopes

of

protein antigens, thought to be responsible for the induction of suppressor
cells,

may

interfere

with

the

processing

and

presentation

immunodominant epitopes (reviewed by Gammon et al.,
for binding of antigenic determinants to MHC molecules
However,

recent

suppressive

reports

phenomena.

have
For

provided
example,

a

1986) or compete
(Buus et al., 1987).

m olecular
Groux

o f otherwise

et

basis
al.

for

some

(1989)

have

demonstrated that engagement of a particular epitope on CD29 (a molecule
originally

defined

as

a

m arker

for

helper/inducer

T

cells

and

now

identified as the VLA p chain, see chapter 1.3.l.f) induces a drastic rise in
intracellular cAMP levels (with the consequence of T cell inactivation, see
chapter 1.3.7).

Other CD29 reagents did not cause this effect, but were able

to interfere with the suppression of CD29-expressing CD4 T cells by CD 8 T
cells.

f)

M em ory

form ation:

Environm ental

or

experim ental

exposure

to

antigenic stimuli results in a series of events, some of which have been
described
recalls

above.
a

ex isten ce

Repeated

faster
of

and

exposure to the

stronger

im m unological

MacDonald, 1989).

response,

memory

same

antigenic

providing

determinants

evidence

(review ed

by

for

C erottini

the
and

For B cells, the differentiation into Ig-secreting plasma

cells is terminal, but it is not known whether the acquisition of effector
function and

the survival as memory cells are mutually exclusive

options

also for T lymphocytes.
For

the

operationally

purpose
as T

of

this

thesis,

memory

T

lymphocytes

able to

proliferate

cells

are

or acquire

defined
cytotoxic

effector function when exposed to recall antigens in vitro.
g)

D eath:

As described in more detail in chapters 1.1 and 7, activation of

thymocytes can induce their death by an active process called apoptosis.
The hallmark of apoptosis is DNA-cleavage into fragments of approximately
180 bp or multiples thereof.
endogenous
activity,

and

endonuclease
the

fragments from

DNA

This characteristic pattern is generated when

activity

occurs

remains protected

in

the

absence

by histones.

of

protease

Therefore,

DNA

apoptotic cells have the size of nucloesomes (figure

shows an example for gel electrophoresis of DNA from apoptotic cells).

7.4
This

pattern is distinct from DNA degradation during necrosis, where DNA is
degraded in a disorderly fashion (Willey et al., 1984).
Apoptosis

(or programmed

cell

death)

is

characteristic

o f pattern

formation during embryogenesis, and may contribute to the regulation of
self-renewing

tissues

throughout

life (W illiams

et

al., 1990).

In

the

thymus, apoptosis may be the biological correlate of clonal deletion which
occurs

when

thym ocytes

encounter relevant

antigens in

the

thym ic

microenvironment (Kappler et al., 1987; MacDonald et al., 1988; White et al.,
1989; Jenkinson et al., 1989).

;h)

U n resp o n siv en ess:

Engagement of the CD3/TCR complex provides a

isufficient signal for the initiation of 11-2 production by T cell hybridomas,
lbut most T cells (including many T cell clones) require additional signals
fo r their activation

(reviewed by

W eaver and Unanue,
lymphokines (II - 1

1990).

and

Janeway,

1989;

Mueller et

al.,

1989;

Costimulatory signals may be delivered by
are examples), or through the engagement of

1 1 -6

accessory molecules (e.g. by co-transfection of HLA-class II expressing L
cells with ICAM-1, Altmann et al., 1989;

accessory cell surface molecules

involved in adhesion are mentioned in section 1.2.2).

In addition, there is

indirect evidence for the existence of other, as yet undefined costimulatory
signals (reviewed by Weaver and Unanue, 1990).
Biochemical

mediators

activation (such as Ca++
paralyse

rather

inactivation

than

has

that

isolated

Ca++

fluxes or PKC

ionophores or phorbol esters, respectively) may

activate

also

induce

been

T

cells

reported

(see
in

chapter
system s

1.3.7).

Functional

where

M HC/antigen

complexes in the absence of functional accessory cells were applied to T
lymphocytes (reviewed by Mueller et al., 1989).
In a well characterised model system, murine TH1 type clones are
stim ulated

with

antigen/MHC

autologous accessory cells.

complexes

in

the

absence

of

functional

The resulting TCR occupancy, unaccompanied

by costimulatory signals, induces I1-2R expression and y-IFN secretion, but
detectable amounts of 11-2 are not produced.
and

remain

subsequently

by

com petent

APC.

unresponsive

These

events

increased

to
are

The cells fail to proliferate,

TCR-mediated

stimulation

accom panied

cytoplasmic

Ca++

by

even

(m oderate)

phosphoinositide

turnover,

concentration, and

PKC activation.

Addition of irrelevant APC (expressing MHC molecules that

cannot serve as restriction elements for the clone under study) prevents
the induction of unresponsiveness, but fails to correct the low level of
phosphoinositide turnover in response to TCR occupancy in the absence of
functional autologous accessory cells (reviewed by Mueller et al.,
Currently,
events
Induced

there

leading

are
to

no

T cell

unresponsiveness

However, these cells
mediated stimulation:

defined

differences

activation
has

not

also require

and
been

1989).

between

the

biochemical

proliferation

or

inactivation.

documented

for

TH2

clones.

a second signal in addition to TCR-

production of the autocine growth

subsequent proliferation depend on the
APC-derived) 11-1 (Weaver et al., 1988).

factor 11-4 and

availability of exogenous (typically

Antigen specific unresponsiveness is not limited to T cell clones in
vitro, but can be induced by various approaches in vivo.
the

balance between

immunogenicity

and tolerance

On immunisation,

induction

in vivo

is

dependent on the age of the recipient (Billingham et al, 1953), the dose of
antigen (Dresser, 1962),

the APC

provided

to present antigen (e.g. Jenkins

and Schwartz, 1987), the presence or absence of adjuvants (e.g. Gammon et
al., 1986), the route of antigen administration (e.g. Battisto and Bloom, 1966;
Rammensee et al.,
extrathym ic

in

1989), the site of antigen expression

transgenic

mice,

e.g.

Lo

et

al.,

(thymic versus

1988),

and

additional

manipulations such as the coordinated administration of antigen and antiCD4 reagents (Quin et al., 1989).
phenotypic

identification

of

Several of these in vivo models allow the

potentially

reactive

T

cells,

and

suggest

functional inactivation, rather than clonal deletion as the major route of
extra-thym ic

tolerance

induction

(Lo

et

al.,

1988;

Quin

et

al.,

1989;

Rammensee et al., 1989; reviewed by Miller et al., 1989)
1.3.4.
a)

A ccessory
MHC

cells

and

products and

T cell

activation.

T cell activation:

Cell

surface glycoproteins

encoded in the class I and class II regions of the major histocompatibility
locus (MHC; H-2 in the mouse, HLA in humans) play a central role in
antigen presentation to T lymphocytes (Fink and Bevan

1978, Zinkernagel

et al., 1978), because the TCR generally recognises antigenic fragments in
the context of these structures (Townsend et

al., 1985; Buus et al., 1987;

Guillet et al., 1987).
The crystallograpic resolution of the 3-dimensional structure for the
human HLA-A2 molecule and the closely related HLA-Aw 6 8 product suggest
that there

is

a single

binding site

molecule, a groove created
plane of

for

foreign

antigen

by two parallel a-h elices

p-pleated sheets.

Polym orphic residues

on each

MHC

running

across

contribute

to

a
the

formation of the sides (a-helices) and the floor (p-pleated sheets) of this
groove,

generating

variability

of

1987a and b; Garrett et al., 1989).
homology to Ig molecules,

the

antigen

Based

binding

site

(Bjorkman,

on these data and on sequence

structural models have been proposed for the

foreign antigen binding site of MHC-class II molecules (Brown et al., 1988),
and the interaction between MHC and the TCR (Davis and Bjorkman, 1988).
HLA-class
heterodim ers

I molecules

com prising

a

are

expressed

by most nucleated

m em brane-spanning,

highly

cells

as

polym orphic,

MHC-encoded chain and a non-MHC product, p 2-microglobulin.
ithree different HLA-class I regions produce functional
HLA-A, -B, and -C (reviewed by Ploegh et al., 1981).

class

At least
I products,

Newly synthesised class

I molecules can associate with endogenous peptides, an association which
may be required for class I assembly and cell surface expression (reviewed
by Townsend and Bodmer, 1989).
HLA-class

II

chains, a and p)

heterodim ers

(com prising

two

m em brane-spanning

are constitutively expressed by some hematopoietic cells

and are inducible on cells of other lineages by activation or by exogenous
lymphokines (reviewed by Trowsdale et al., 1985; Mengle-Gaw and McDevitt,
1987; Pober, 1983; Collins, 1984).
On their way to the cell surface, newly synthesised class II molecules
traverse the endocytlc

pathway (Cresswell, 1985).

This may explain the

ability of MHC-class II molecules to present antigenic fragments derived
from

extrinsic material.

class

II

heterodim ers

The association of newly synthesised
with invariant

chain

may

also

intracellular

affect

antigen

presentation by class II molecules (Stockinger et al., 1989).
The HLA region encodes at least three potentially functional class II
heterodimers, HLA-DP, -DQ, and -DR (Trowsdale et al., 1985; Qvigstad et al.,
1984;

Ottenhoff et al.,1985).

The relative contribution of these HLA-class II

loci to immune responses by human CD4
largely

unresolved

com plicated
occurrence

by
of

issue:
the

The

analysis of human T cell

heterogeneity

O th e r

of

human

linkage disequilibrium between

Trowsdale et al. 1985, and chapter
b)

T cells is an interesting and still

accessory

restriction

populations,

individual

HLA

is

and

the

loci

(see

for details).

6

cell derived

signals

and

T

cell

activ atio n :

The recognition of antigen in association with MHC products determines
the specificity of T cell stimulation,

but most T cells require

additional

signals for full activation (reviewed by Janeway, 1989; Mueller et al., 1989;
W eaver

and

Unanue,

lymphokines ( 1 1 -1

and

1990).
1 1 -6

Such

costim ulatory

signals

may

be

are examples), or the engagement of accessory

molecules (e.g. by co-transfection of HLA-class II expressing L cells with
ICAM-1,
molecules

Altmann

et

by Burkitt's

vitro, Gregory et al.,

al.,

1989;

lymphoma

or

following

cells

upregulation

after prolonged

of

adhesion

maintenance

in

1988; accessory cell surface molecules involved in

adhesion are mentioned in section

1 .2 .2

).

Additional costimulatory signals

may exist (reviewed by Weaver and Unanue, 1990).

As described

in chapters

that induce isolated Ca++

1.3.7.

and

1.3.8.h, biochemical mediators

fluxes or PKC activation (such as Ca++

ionophores

or phorbol esters, respectively) may paralyse rather than activate T cells
when applied in isolation.

Functional inactivation has also been reported

in systems where T lymphocytes were exposed to MHC/antigen complexes
in the absence of functional accessory cells (reviewed by M ueller et al.,
1989).

c)

A ccessory

cell

types

and

many T cell functions depends

T

cell

monocytes,

myeloid tumour

m acrophages,

cell lines.

Accessory cells of myeloid origin

(interdigitating) dendritic

cells in vitro (reviewed by Lanzavecchia, 1988).
for allorecognition by

are potent accessory

MHC-class II expression is

CD 8 T cells (reviewed by Sprent and

1989).

Ramila
types

and

1988), and Epstein-Barr virus

transformed lymphoblastoid B cell lines (EBV-LCL)

Schaefer,

cells,

In addition, B cells are implicated as important

accessory cells in vivo (Kurt-Jones et al.,

not required

The initiation of

on MHC-class II expressing accessory cells

(reviewed by Unanue and Allen, 1987).
include

activ atio n :

can

and Erb

select

(1983)

demonstrated

functionally

distinct

that different

T

cells

functional programs in the same T cells?).

(or

accessory

activate

cell

different

Interdigitating dendritic cells

may be the most efficient cell type for the induction of proliferative T cell
responses

(Steinmann

and

Nussenzweig,

1980),

but

perform

poorly

as

inducers of T cells mediating antigen-specific help for B cells (Ramila et
al., 1987).
Different

hematopoietic

and

non-hematopoietic

cell types

as accessory cells for T cells at different stages of maturation:
studies in B-cell deficient recipient mice have provided
cells are crucial
(Kurt-Jones

et

for the priming
al., 1988;

function

Cell transfer

evidence that B

of proliferative murine T cell responses

reviewed

by

Ashwell, 1988).

In

contrast,

hematopoietic non-B accessory cells were required for the in vivo priming
of helper T cells in chimeric birds (due to the localised production of B cells
in the bursa, the B cell compartment can be transferred independently in
birds;

L assila

et al.,

proliferative/Il-2

producing

differentiation belong to
requirements,

or

required for the

1988).

that

T

These
cells

distinct

and

results in dicate

that

helper

for

T

cells

either
B

cell

populations with different accessory cell

m acrophages/(interdigitating)

priming of naive T cells in vivo.

dendritic

cells

are

Primed T cells may

become responsive to antigen-specific B cells (Lassila et al., 1988; KurtJones et al., 1990) which, due to the expression of surface receptors for
native antigen, can capture antigen

at very

low concentrations

(reviewed

by Lanzavecchia, 1988).
As

an

presentation,
tfcymus.

example
epithelial

They

of
cells

non-hem atopoietic
are

mediate positive

crucial

cells

for T cell

selection

of the

involved

in

antigen

development in the
T

cell repertoire

as

dem onstrated

in

transgenic

mice

expressing

IE

particular cell types (Benoist and Mathis, 1989).
expressing

epithelial

cells

are

reported

to

murine TH1 clones (Gaspari et al., 1988).
(TCR mediated)
on)

cortical

rendering

thymocytes

encounter

with

cells

might

unresponsive

induce

m acrophages/dendritic

on

unresponsiveness

in

It is tempting to speculate that

contribute
to

only

In contrast, class II MHC

interactions of thymocytes with

epithelial

m olecules

(peptide/MHC complexes
to

negative
cells

positive

selection
at

the

selection
on

by

subsequent

cortico-m edullary

junction and in the medulla.
In contrast to murine T lymphocytes, activated human T cells express
class

II

products,

which

raises

interesting

questions

ability to present exogenous antigens to CD4 T cells.

concerning

their

Exposure of human T

cell clones to high concentrations of antigenic peptides in the absence of
APC was found to induce paralysis which (in contrast to the murine system
discussed above) was not overcome even by exogenous 11-2 (Zanders et al.,
1983; reviewed by Feldmann et al., 1985).
clones

capable

Lanzavecchia,

to

1988).

present

antigens

Others have found human T cell
to

Experiments presented

each

other

in this thesis

(review ed

by

illustrate the

inability of resting T cell populations to present soluble antigens to each
other, or to respond to mitogens in the absence of added accessory cells.
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1.4.

Pheno typic

e m p h a s is

on

The

and

the

func tiona l

selective

successful

T

cell

expression

analysis

of T

heter oge ne ity

of

cell

CD45

with

isoforms.

heterogeneity

began

with

the

preparation of murine alloantisera (Kisielow et al., 1975; Cantor and Boyse,
1977).

For example, Ly-2.1/Ly-2.2 sera reacted only with a proportion of

peripheral

T cells,

and

selectively

activity (Kisielow et al., 1975).

depleted

and T cells

with cytotoxic

The existence of similar heterogeneity in

hiumans was indicated by Fc-rosette methods (Moretta et al., 1977) heteroand autoantisera (Evans et al., 1977; Strelkauskas et al., 1978).

These studies

were confirmed and extended when with the development of monoclonal
antibody

technology

reagents

of

defined

available (KOhler and Milstein, 1975).

and

stable

specificity

Two reciprocal T cell subsets were

identified by reactivity with the mAbs T4 (CD4) and T 8 (CD 8 ).
were shown to function

as helper/inducer cells,

differentiation

to

in

vitro,

response to soluble antigens.

secrete

became

able to

lymphokines,

and

CD4 T cells

support B cell

to

proliferate

in

None of these activities were attributed to CD 8

T cells, which were classified as a population of suppressor/cytotoxic cells
(reviewed by Reinherz and Schlossman,

1980).

As discussed in chapter

1.3.1.d, the expression of CD4 and CD 8 was subsequently shown to correlate
with

restriction

(reviewed

by

m onoclonal

by

Swain,

MHC-class
1983;

antibodies

v.

have

II

and

-class

Boehmer
been

I

et

al.,

used

to

products,

respectively

1989b).

Since

d em o n strate

then,

fu rth e r

heterogeneity of human CD4 and CD8 T cells in vitro (McMichael et al., 1987;
Beverley,
1.4.1.

1987).

Heterogeneity

within

the

CD4

T

cell

population.

A number of mAbs have been used to isolate CD4 T cells which
proliferate in response to recall antigens, including 9.3 (Damle et al., 1981),
5/9 (Corte et al., 1982), 4B4 (Morimoto et al., 1985b), D44 (Calvo et al., 1986),
UCHL1 (Smith et al., 1986), and WR19 (Moore and Nesbitt, 1987) (see chapter
5.3 for further details).

These T cells are not reactive with HB10 and HB11

(Tedder et al., 1985a and b), 2H4 (Morimoto et al, 1985a), and WR16 (Moore
and Nesbitt, 1986).
A similar phenotypic

constellation

identifies CD4 T cells

able to

support B cell differentiation in vitro (usually assayed in the PWM system,

see chapter 1.3.3.c).

Perhaps as an indication that proliferative responses

and B cell help are not necessarily mediated by the same T cell populations,
TQ1 (Reinherz et al., 1982) and Leu - 8 (Kansas et al., 1985) define populations
unable to provide help for B cell differentiation.
positive

as well

Nevertheless, TQ l/Leu - 8

as negative populations respond proliferatively

antigens (Reinherz et al., 1982; Kansas et al., 1985).

to recall

Conversely, not all

helper cells may be included in the recall antigen responsive population:
Recall antigen responsive CD4 T cells express Tal/C D 26, but Tal/CD 26
positive as well as Tal/CD26 negative CD4 T cells provide B cell help (Hafler
et al., 1986).
T cells reactive with HB10 and HB11 (Tedder et al., 1985a and b), 2H4
(Morimoto et al, 1985a), and WR16 (Moore and Nesbitt, 1986) are responsive
to mitogens and in the autologous and/or allogeneic MLR.

Reactivity in the

latter two systems indicates the ability of HB10, HB11, 2H4, and WR16
expressing T cells to mount class II dependent, TCR mediated responses.
However, these cells proliferate

weakly or not at all to recall

antigens

(Tedder et al., 1985a and b; Morimoto et al, 1985a; Moore and Nesbitt, 1986,
1987; Takeuchi et al., 1987a).
The mAbs Leu - 8 (Kansas et al., 1985; Damle, 1985) and 2H4 (Morimoto
et al, 1985a; Takeuchi et al., 1987a)

are reported as markers for CD4 T cells

which induce CD 8 T cells to suppress B cell differentiation in vitro (see
chapter 8.1.7. for discussion).
been reported

(Thomas et al.,

Direct suppression by CD4 T cells has also
1981), and the responsible population was

identified with the mAb WR16 (Moore and Nesbitt, 1986, 1987).

1.4.2.

H etero gen eity

w ithin

the

CD8

T

cell

po pu la tio n .

In contrast to the detailed analysis of subpopulations within the CD4
T cell population,

few studies have addressed the functional heterogeneity

of human CD 8 T cells.

Cytotoxic (CD 8 positive) effector cells have been

shown to express 9.3/CD28

(Damle et al.,

1983), and

associated with LFA-1 (Morimoto et al., 1987).

S6F1, an epitope

CTL-precursors as well as -

effectors lack Leu-15/C D llb expression (Landay et al., 1983).
which

mediate

CD 8 T cells

suppression

of B cell differentiation

in

vitro

have

been

characterised by expression

of C D llb , and the failure

to express CD28 or

S6F1 after activation (Damle et al., 1983; Landay et al., 1983; Morimoto et al.,
1987).
1.4.3.

T

cell

expression.
of

T

Do

hetero g en eity
CD45

ly m p h o cy te

defined

isoform s

by

m ark

selective

T

cell

CD45

isoform

sublineages

or

stages

m a tu ra tio n ?

The 3rd and 4th Workshops on Leucocyte D ifferentiation Antigens
(McMichael et
considerably

al.,

1987; Cobbold et al., 1987; Knapp et al.,

simplified the picture described

1989) have

in the preceding paragraphs:

The mAbs HB10 and HB11 (Tedder et al., 1985a and b), 2H4 (Morimoto et al,
1985a), and WR16 (Moore and Nesbitt, 1986) have all been assigned to the
CD45RA cluster, whereas UCHL1 was defined as CD45R0.
functional

and phenotypic T cell heterogeneity

Several aspects of

can now be described in

terms of differential CD45 isoform expression
As discussed in chapter 1.3.l.e, UCHL1 and CD45RA reagents identify
largely non-overlapping populations of the
Isoform-specific

CD4 and CD 8

T cell subsets

(Terry et

al., 1987).

CD45 reagents define functionally

distinct T

cell populations in the rat (Arthur and Mason, 1986;

Powrie and

Mason, 1988, 1989) and the mouse (Luqman et al., 1989; Bottomly et al., 1989).
Several other markers for T cell
antigen

fam ily,

for

example

Pgpl/Hermes/CD44 (murine

heterogeneity do not belong to the CD45

4B4/CD29

Pgpl was the first marker

described in the mouse, Budd et al.,
expression

of 4B4/CD29

(M orimoto

and

1987a and b).

Pgpl/H erm es/C D 44

is

et

al.,

1985b)

and

for memory T cells
However, abundant
associated

with

the

CD45R0 phenotype (Sanders et al., 1988a and b; see chapter 5.3 for a more
detailed

discussion).

The emerging pattern is that CD45R0, but not CD45RA populations of
human CD4 T cells proliferate in response to recall antigens and provide
help for T cell dependent B cell differentiation in vitro.

In contrast, the

CD45RA phenotype is associated with suppressor inducer (Morimoto et al.,
1985a; Takeuchi et al., 1987a) and effector functions (Morimoto et al., 1985a;
Moore and Nesbitt,

1986,

1987).

Since the demonstration

of phenotypic

differences between the two major lineages of lymphocytes, T and B (Raff,
1971) and between functionally distinct T cell sublineages (CD4 and CD 8 , see
R einherz

and

Schlossm an,

1980),

functional

specialisation

has

been

thought to be associated with distinct sublineages of T cells. However, after
activation in vitro, CD45RA T cells transit to the CD45R0 (UCHL1) phenotype
and gradually lose CD45RA expression, and T cell clones generally express
CD45R0 (Moore and Nesbitt, 1986, 1987, Terry et al., 1987; Serra et al., 1988;
Akbar et al., 1988; Wallace and Beverley; 1990).
recall

antigens

in conventional proliferation

CD45R0 T cells respond to

assays

(Smith

et

al.,

1986),

and therefore (by definition) contain memory T cells (Beverley, 1987).
CD45RA population, in contrast, responds weakly or not at

all to memory

dependent antigens (Morimoto et al., 1985a; Tedder et al., 1985b).
basis o f these

observations, a maturational relationship

The

between

On the
CD45RA

and CD45R0 T cells has been suggested (Tedder et al., 1985b; Beverley, 1987;
Sanders

et al.,

1988b).

However, the suppressive phenomena associated

with the CD45RA phenotype (Morimoto et al., 1985a; Moore and Nesbitt, 1986,
1987; Takeuchi et al.,

1987a) provide an alternative explanation for the

inability of CD45RA T cells to help B cells and proliferate in response to
|
|

recall

antigens.
The concept

|

acquisition

of

the

|

frequency

of

recall

that

memory

UCHL1
antigen

formation

marker

would

reactive

cells

phenomena in CD45RA T cell populations.

in vivo

is

accompanied

be inconsistent
dominated

by

with

a

by
high

suppressive

In order to understand

thymic T cell differentiation, it is important to clarify this point.

post-

1.4.4.

B rie f

descrip tio n

of

the

following

c h a p te rs .

In chapters 3 and 4 of this thesis, T cell responses to recall antigens
are employed as a functional probe with the aim to locate and quantitate
memory

T

cells

among

isoform expression.

lymphocyte

populations

with

differential

CD45

Memory independent T cell responses to alloantigens

can serve as an internal control, since reactivity

in the MLR has been

demonstrated for both, CD45RA and CD45R0 T cell populations (see chapter
1.4.1).

Limiting dilution

contribution

of

analysis

suppressive

is employed

phenomena

to

to

the

address the potential

poor

responsiveness

of

CD45RA T cells to recall antigens in conventional assay systems.
Chapter
Possible

5

presents conclusions

shortcom ings

of

the

derived

presented

from chapters

lim iting

dilution

3

and

analysis

4.
are

discussed, and the question is raised whether T cell recognition of nominal
antigen in association with self MHC is comparable to allorecognition.
The ability of both CD45RA and CD45R0 CD4 T cells to respond to
alloantigens is utilised in chapter

6

.

HLA-class II antigens on various

cellular backgrounds are employed to compare the activation requirements
of CD45RA and CD45R0 T cells, and to probe the preimmune human T cell
repertoire for preferential recognition of HLA-DR and -DQ products.
Chapter 7 extends the analysis of selective CD45 isoform expression to
the development of thymocytes in a chimeric mouse/human organ culture
system.

Stimulation of human thymocytes with anti-CD3 as well as anti-CD2

reagents

is

CD45R0.

shown
This

to

induce

phenotype

CD45RA-expressing

transition

is

by

thymocytes

followed

to

apoptosis.

acquire
The

implications of this result are discussed.
Finally, chapter

8

scheme on CD45 isoform
human T lymphocytes.

raises some open questions and concludes with a
expression as a marker for maturation stages of

CHAPTER 2: GENERAL MATERIALS AND METHODS.
2 .1 .

G e n era l

2.1 .1

m a te ria ls .

P la s tic s .

Standard

disposable

polystyrene

m aterials

appropriate of tissue culture grade.
radiation
2 .1 .2 .

sterilised

were

used

throughout,

where

Tissue culture plastics were obtained

by the manufacturers.

G la ssw a re .

After soaking in chloros, glassware was washed in CLEAN 'N' (Gallay Ltd),,
rinsed twice in distilled water, and autoclaved at 121°C for 15 minutes.
2 .2 .

R e a g e n ts.

2 .2 .1 .

M o n o clo n a l

a n tib o d ie s .

Mouse anti-human mAbs UCHL1 (IgG2a, CD45R0, Smith, 1986), UCHT1 (IgGl,
CD3, see McMichael, 1987), UCHT4 (IgG2a, CD 8 ), UCHM1 (IgG2a, CD14, see
McMichael, 1987), and 2D1 (IgGl, CD45, see McMichael, 1987) were produced
in

our

laboratory

and

classified

by

the

International

W orkshop

and

Conference on Leucocyte Differentiation Antigens (see McMichael, 1987).
The following reagents were kind gifts from colleagues: 2H4 (IgG l,
CD45RA, Morimoto, 1985a) from Dr S. Schlossman, SN130 (IgG l, CD45RA,
Akbar et al, 1988) from Prof. G. Janossy, Tii22 (HLA-DQ, A. Ziegler, Tubingen,
F.R.G.), 15.2 (ICAM-1, N.Hogg, ICRF, unpublished), SN130 (CD45RA, IgG l,
G.Janossy,

Royal

Free

Hospital,

London;

reference

Akbar,

1988),

HB10

(CD45RA, IgM, M. Cooper, University of Birmingham, Alabama, reference
Tedder, 1985), and B1 (IgG2a, CD20, see McMichael, 1987) from Dr. L.M.
N adler.
The aHLA-DR mAb L243 (IgG2a, Lampson and Levy, 1980), and the
anti-LF3

reagent TS 2/9 are available through the ATCC.

Leu-1 lb (IgM, CD16), flouresceinated Leu-18 FITC (IgG l, CD45RA),
flouresceinated
(Ig G l,

CD4)

Leu-2a
were

FITC,

purchased

and
from

phycoerythrin-conjugated
Becton

D ickinson

Leu-3a

(M ountain

PE

View,

C a lifo rn ia ,

U SA).

B ecton

D ickinson

also

p ro v id ed

sam ples

of

phycoerythrin-conjugated UCHL1 PE (IgG2a, CD45R0, Smith et al, 1986).
Other reagents used are described in the individual chapters.
2.2.2.

M edia

and

sera.

RPMI 1640 (with L-glutamine and HEPES) was supplied by the ICRF
Media Department or Gibco Europe Ltd., Dulbecco's modified MEM was from
Gibco.

Foetal calf serum (FCS) was from Gibco.

Sigma (Poole, Dorset).
defibrination

of blood

beads.

sera

All

Human serum (HS) was from

Autologous human serum (AHS) was obtained by
(drawn

without

were depleted

additives),

of active

using

autoclaved

complement by

glass

a 30 minute

incubation at 56°C .
2.3.
2.3.1.

P re p a ra tio n
C ell

an d

lines

c u ltu re

and

th e ir

of

cells.

m ain ten an ce.

Standard medium for mAb secreting hybridomas, Epstein-Barr virus
(EBV) transformed lymphoblastoid cell lines, the U937 monocytoid line, the
N K -target

K562,

and

Raji

B urkitt's

lymphoma

cells

derived from Raji cells) was RPMI 1640 with 10% FCS.

(and

transfectants

These cell lines were

maintained in tissue culture flasks and at 37 °C in humidified air containing
5%CO 2 .

Murine L

cells (and transfectants derived from murine L cells)

were grown in Dulbecco's MEM with 10% FCS, and in 10% CO 2 .
T ra n sfe c ta n ts
H ygrom ycin

(all

w ere

Raji

m ain tain ed

transfectants;

u n d er

lm g/m l;

a p p ro p ria te

se le c tio n .

C albiochem -Schering,

Jolla, California), aminopterin (L cell transfectant LDR2a;

La

in combination

with hypoxantine and thymidine, prepared by J. Heyes, ICRF), and G418 (L
cell double transfectant LDR2a/ICAM-1; 0.5 mg/ml; Gibco) were used.
When not required

for experiments,

cell

lines

were

cryopreserved

in medium with 60% FCS and 10% dimethylsulphoxide (DMSO, Fisons).
All long term lines

were tested for contamination with mycoplasma

using a commercially available test kit (Geneprobe).

2.3.2.

Iso la tio n

of

m o n o n u c le ar

cells

from

p e rip h e ra l

blood.

Peripheral blood mononuclear cells (PBMC) were obtained by FicollHypaque

centrifugation

of heparinised

after donation by healthy volunteers.

or

defibrinated

blood

immediately

Plastic adherent cells were obtained

after incubation of 30x10^ PBMC per 90mm petri dish (Nunc, Denmark) in
10ml RPMI, 5% autologous human serum (AHS) at 37° C for one hour by
scraping

with the

stim ulator

or

rubber tips

accessory

of sterile

syringe

plastic

adherent

cells,

plungers.
cells

For use

were

as

irradiated

(5000cGy) or treated with mitomycin-C (Sigma) for 30 minutes at 37°C.
2.3.3.

Separation

of

lym phocytes

into

phe n o ty p ic al ly

dis tin c t

subpopulations.
Non-adherent PBMC

were

separated

into

subpopulations

panning technique described by Moore and Nesbitt (1986).

using

the

PBMC (10 7 /m l)

were incubated with saturating amounts of antibodies and, after washing,
subjected to two consecutive rounds of panning on petri dishes (30x10^ per
90mm

dish)

coated

(S aM Ig , Dako Ltd,

with

purified

sheep

anti-m ouse

im m unoglobulin

lOpg/ml in bicarbonate buffer, pH 9.5.

Bicarbonate

buffer was prepared as follows: 0.795g Na2 C 0 3 , Fisons, and 1.465g NaHCC>3 ,
Fisons, were dissolved in 500ml of distilled water.
by adding 0.1M HCL.
were

kept

at

ice

The pH was adjusted to 9.5

Subsequently, the buffer was autoclaved).
tem perature

during

this

procedure

The cells
to

prevent

internalisation of surface antigens and mAbs.
Where indicated, mAb coated cells were subjected to treatment with
rabbit

complement

m an u facturer's

('MA',

Cedarlane,

in structions.

Ontario,

Canada)

according

to

the

2 .3 .4 .

P ro life ra tio n

assa y s.

For conventional proliferation assays, cells were cultured in 0.2 ml
o f RPMI supplemented with 5 to 7.5% HS or AHS and 50pg/m l
(Schering, Berlin,

FRG).

Gentamycin

Where indicated, antigens, mitogens,

lymphokines were added.

mAbs, or

16 to 18 hours before harvesting onto glassfibre

paper, all microcultures were pulsed with lpC i ^HTdR.
was assessed by liquid scintillation counting.

Retained p emission

Unless otherwise indicated,

results are given as mean cpm +/- 1SD of triplicate determinations.
2 .3 .5 .

P r o life ra tio n
Graded

a ssa y s

numbers

of

under

responder

lim itin g

d ilu tio n

cells were

added

c o n d itio n s.
to

irradiated

or

mitomycin-C treated stimulator cells in round-bottomed 96-well plates.
final

culture

supplem ented
15U/ml

60

volum e
w ith

hours

was

2 0 0 p l.

recom binant
after

W here

11-2

initiation.

indicated,

(B oehringer,
Wells

were

cultures

The
were

M annheim , FRG)

pulsed,

harvested

at

onto

glassfibre filters, and cpm determined as described above.
For recall antigen responses,

24 to

48 replicate wells

cell number were

set up for each responder population.

cell number, one

set of replicates contained

set did not.

This design

per responder

At each responder

the nominal antigen,

allows to score positive responses

a second
against the

background (mean + 3 SD) produced by the same cells in the absence of
nominal antigen (Van Oers,
irradiated

adherent

cells

in

1978).
the

One set of replicates
presence or

absence

responder cells to control for the contribution of
to

the cpm incorporated. Antigen

was

reserved for

of antigen

without

the stimulator population

doses and duration of cultures were as

stated above.
In

experim ents

to analyse responses

numbers of responder cells were added
adherent
numbers.)

cells

autologous adherent

cells

to

allogeneic

cells,

to wells containing
|a t representative

Culture conditions were as described above.

graded

allogeneic

responder cell

2 .3 .6 .

A c tiv a tio n

e ffe c to r

c u ltu re s

fo r

th e

g e n e ra tio n

of

cy totoxic

c e lls .

Responder cells

were cultured in 48 or 24 well Costar plates at

lO ^/m l in RPMI 1640 with 7.5% heat inactivated autologous serum or 5%
heat inactivated

human serum.

w ere

for all

the

same

cytotoxic

In each experiment, numbers and volumes

responder populations

to

be

compared

for their

potential.

Autologous or allogeneic plastic adherent cells (irradiated with 5000
cGy) were added to give a stimulator to responder ratio of 1:2.
Autologous or allogeneic EBV-LCL (irradiated with 10000 cGy) were
added

to

give

stim ulator

to

responder

ratios

of

1:25

unless

indicated

o th e rw is e .
2 .3 .7 .

C y to to x ic ity

assay s.

After 7-10 days, cultures were washed twice and resuspended in 0.81.6 ml of fresh medium.

If the experiment involved the comparison of

different

responder populations,

they

were

all

resuspended

in

the

same

volume.

Duplicates or triplicates of serial dilutions containing fractions of

the original cultures in lOOpl were prepared in V-shaped microtiter plates.
In addition to the nominal targets, lysis of control targets was determined
in all experiments.
PHA blasts

Control targets were either mismatched EBV-LCL, or

autologous to the responder population(s).

prepared by culture of PBMC with

1 pg/ml

PHA blasts were

purified PHA for 3 days.

Target cells (lOOul, 2 x l0 7 /ml) were mixed with 1 0 0 p l51Cr (lm C i/m l,
Amersham, England),

incubated

for

1 hour at 3 7 °C,

resuspended in culture medium. Aliquots of 60pl,

washed

containing

twice,

and

approxim ately

2500 cells, were added per well. Spontaneous release of ^ C r Was determined
in

wells

containing

only

target

cells

and

medium.

To

induce

maximal

release, the medium contained 1% SDS.
Following centrifugation for 5 min at 200 g, plates were incubated
for 4 hours at 37°C, 5% CC>2 , and centrifuged again. An LKB y counter (LKB,
London,

England)

was

collected from each well.

used

to

m easure

emission

from

100pl

m edium

Spontaneous release was <10% of maximal release

for PHA blasts, and <25% for EBV-LCL.

Specific release of 51Cr in % was calculated using the standard formula
(experim ental-spontaneous re le a s e d 1 0 0
(maximal release-spontaneous release)

Data points shown are the means of duplicate or triplicate determinations.
Standard deviations (SD) were

generally less than 10%, and results with SD

of more than 15% were rejected.
2.3.8.

Activation

e ffe ct or

cells

cu ltures

a nd

fo r

the

cytotoxicity

gener ation

assays

under

of

cytotoxic

lim iting

dilution

conditions.
Graded numbers of responder cells were plated out in 96-well roundbottom

m icrotiter

plates,

and

2000

irradiated

allogeneic EBV-LCL were added to each well.
2 0 0 p l.
each

(lOOOOcGy)

autologous

or

The final culture volume was

24 to 48 replicate wells per responder cell number were set up for
population.
A fter 7-9 days, microcultures were transferred to V-shaped 96 well

plates,

washed,

and resuspended

in

100pl

culture medium.

Cytotoxicity

assays were carried out as described above, using the original stimulator
EBV-LCL

and

partially

or completely

mismatched

EBV-LCL

as

targets.

Positive responses were scored when 5*Cr release exceeded the geometrical
mean of the spontaneous release in a set of 12-16 control wells by more
than 3 SD.

2.4.

S ta tis tic a l

an aly sis

of

re su lts

from

lim itin g

d ilu tio n

e x p e rim e n ts .
D ata

from

lim iting

com puter program

written

dilution
by

experim ents

Dr Robert

described by Taswell (1981).

Edwards

were

analysed using

following

a

the

method

The proportion of non-responding

cultures

among the replicates for each cell number corresponds to the frequency <|>
of responder cells according to the Poisson distribution. For a sample size \i
from a given responder population, the probability of a negative response
is
P neg =
From the replicates set up at n different cell numbers, the responder
cell frequency <j> is estimated by

minimizing %2- A sample size resulting in

37% negative cultures corresponds to the frequency of responder cells in
the

analysed

population.

F requencies

of

responding

cells in

two

populations are clearly different, if the calculated values +/- 2SD (approx.
95% confidence limits) do not overlap ( p « 0.05). Values for p are calculated
allowing n-1 degrees of freedom. Values >0.05 are consistent with single hit
k in e tic s .

2.5.

Im m u n o flu o re sc e n c e

sta in in g

and

FA CS

a n a ly sis.

All immunofluorescence staining procedures were carried out at 4 °C
in

buffer (PBS-A, 0.2%

bovine

serum

albumin)

containing

0.1%

sodium

azide in flexible 96-well plates.
For
saturating

in d irect

im m unofluorescence,

concentration

cells

w ere

stained

w ith

a

of mAb in the presence of 1% goat serum, washed

twice, incubated with FITC conjugated goat anti mouse Ig (Sigma) for 30
minutes, and washed three times.
(Becton
B etw e e n

D ickinson)

with

5 -1 0 x 1 0 ^

a

live

events

Analysis was performed on a FACScan
gate

were

set

on

collected

forward
per

and

sample

side

scatter.

depending

on

availability of cells.
For direct immunofluorescence, cells were incubated with FITC and
PE

conjugated

mAbs

(Becton

Dickinson,

M ountain

View,

Ca)

in

the

presence of 0.1% normal mouse serum for 1 hour and washed three times,
and analysed as described above.

For two colour staining, aliquots of cells

were stained with FITC and PE conjugated reagents separately and used to
set

the

instrum ent

FACScan manual.

com pensation

according

to

the

Becton

D ickinson

C H APT ER 3.
L IM IT IN G DILUTION ANALYSIS OF PR O LIFER A TIV E RESPONSES IN
HUMAN LYM PHOCYTE POPULATIONS DEFINED BY THE MONOCLONAL
ANTIBODY UCHL1: IM PLICATIONS FOR D IFFERENTIAL CD45
ISOFO RM EXPRESSION IN CD4 T CELL MEMORY FORMATION.
3.1 .

S u m m a ry .
Proliferative

responses

(UCHL1 negative) T
analysis (LDA).
poor

The

which

(UCHL1

positive)

cell populations were investigated

and

CD45RA

by limiting dilution

aim of this study was to define the cellular basis for the

responsiveness

antigens,

of CD45R0

of

had

CD45RA

been

T cells

observed in

to

memory

conventional

dependent (recall)
proliferation assays

(Smith et al., 1986).
The
stim ulation

precursor
and

cell

the

frequencies

com plexity

populations were compared.

of

follow ing
cellu lar

recall and alloantigen

in teractio n s

alloantigens.

c o n tain ed
The

sim ila r

results

both

High frequencies of recall antigen responses

were found among CD45R0, but not CD45RA T cells.
p o p u la tio n s

w ithin

were

freq u e n cies
consistent

of
with

In contrast, both

cells resp o n siv e
single hit

to

kinetics for

responses to recall- as well as alloantigens, and showed no complex cellular
interactions

within

the

responding

populations.

Therefore,

the

difference

between the recall antigen response of CD45R0 and CD45RA T cells observed
in conventional proliferation

assays appears to result from

an enrichm ent

of recall antigen responsive T cells in the CD45R0 population, and not from
suppressive phenomena in the CD45RA population.
These data suggest that most memory cells

within the

CD4 T cell

population are of the CD45R0 phenotype, and imply that post-thymic T cell
maturation and differential CD45 expression are related.

3.2.

Introduction.
The CD45R0 mAb UCHL1 (Smith et al., 1986) and CD45RA reagents

such as 2H4 (Morimoto, 1985a), HB10 and HB11 (Tedder et al., 1985a and b),
or WR16 (Moore and Nesbitt, 1986, 1987) define two complementary, largely
n o n -o v e rla p p in g

p o p u la tio n s

demonstrate heterogeneity within

in

re stin g p e rip h e ra l

T

c e lls,

the CD4 and CD8 subsets (Cebrian et

1987; Terry et al., 1987, 1988; Pulido et al., 1988; Janossy et al., 1989).
phenotypic

split

is

accompanied

by

functional

diversity:

in

and
al.,
This

conventional

proliferation assays, CD45RO T cells from immune donors respond well to
recall antigens such as Tetanus toxoid (Tet tox), purified protein derivative
(PPD) or

influenza virus.

In contrast, (UCHL1 neg) CD45RA

weak, if any responses (Morimoto,

1985a;

activation in vitro, CD45RA T cells

Smith,

1986).

acquire the UCHL1

T cells show
After mitogen

determinant

and

gradually lose CD45RA expression (Moore and Nesbitt, 1986; Terry et al.,
1988; Akbar et al., 1988; Serra et

al., 1988; Wallace and Beverley, 1990).

Interpreting these results, it has been suggested that CD45R0 may identify
memory T cells which have acquired this marker after activation in vivo
(Beverley,

1987).

An

alternative

explanation

for the

non-responsiveness

of CD45RA T cells to recall antigens was based on the demonstration of
suppressor

inducer

and

effector

function

in

this

population

(M orimoto,

1985a; Moore and Nesbitt, 1986; Morimoto, 1986 a and b; Takeuchi, 1987a).
U sing

lim iting

addressed

dilution

experim entally.

analysis,

these

possibilities

have

now

been

3.3.

Materials

3 .3 .1 .

a nd

methods.

P r e p a ra tio n
Human

of

serum

m ononuclear

cells

cell

was

p o p u la tio n s

used

(PBMC)

fro m

throughout.

were

p e rip h e ra l

A dherent

obtained

from

and

blood.
non-adherent

defibrinated

peripheral

blood as described in chapter 2.3.2.
Non-adherent PBMC were incubated with
panning

(as

described

S a M Ig

coated

plates)

in

chapter 2.3.3)

and

CD45RO

into

UCHL1

and separated by

CD45RA

(adherent to

(non-adherent

S aM Ig

coated

to

plates)

s u b p o p u la tio n s .
For

some

experim ents,

n on-adheren t

PBM C

w ere

n eg ativ ely

enriched for CD4 T cells by staining with a cocktail of UCHM1, UCHT4 and
B l, followed by two rounds of panning.

Cells that failed to adhere to S a M Ig

coated plates were stained with UCHL1.

Two further rounds of panning

yielded the CD4 CD45R0 and CD4 CD45RA populations.
3 .3 .2 .

I n d ir e c t
In d irect

im m u n o flu o re s c e n c e

im m unofluorescence

s ta in in g

staining

carried out as described in chapter 2.5.

and

FACS

analysis

were

Non-adherent PBMC were >98%

reactive with 2D1 (CD45) and approximately 85% positive for UCHT1 (CD3).
Residual monocytes as defined by UCHM1 (CD14) were <5% after single, <2%
after double

adherence.

The purity

of populations prepared

by repeated

panning on SaMIg coated plates was approx. 90% for positive and >95% for
negative
3.3.3.

selection.
C ell

c u ltu re

c o n d itio n s.

Cells were cultured as described in chapter 2.3.4 and 2.3.5 in 96 well
round

bottomed

m icrotitre

plates.

RPMI

1640

(Gibco)

with 7.5% heat inactivated autologous human serum.

was

supplem ented

3.3.4.

A nti ge ns

a nd

mitogens.

Tetanus toxoid (Tet tox, affinity purified) was a gift from Wellcome
(Beckenham, Kent, England).

Purified protein derivate of tuberculin (PPD)

was obtained from Evans (Greenford, Middlesex, England), and

influenza

virus, strain A/X31, was a gift from Dr. John Oxford (National Institute of
Biological

Standards, London).

Optimal

antigen

doses

as established

in

titration experiments (data not shown) were around 2LF/ml for Tet tox (4pg
protein/ml) and l-2pg/m l for PPD as well as X31.

Purified PHA (Wellcome)

was used at 1 p g /m l.
3.3.5.

Proliferation

ass ay s.

As described in chapter 2.3.4, 7.5x10^ responder cells (phenotype as
indicated
plastic

in the text) were cultured with 2.5x10^

irradiated

(5000

cGy)

adherent cells in 0.2 ml of the culture medium described above.

Where indicated, cultures were supplemented with 15 U/ml recombinant II2 (Boehringer Mannheim, FRG) 60 hours after initiation.

Where indicated,

the aH LA -D R mAb L243 was added at a final concentration of 2 p g /m l
purified Ig (a gift of Dr. J. Bodmer) to compare the sensitivity of responses
to recall and alloantigens, PHA, and 11-2 .

Cultures were pulsed with lp C i

^HTdR for the last 18 hours of the 120 hour culture period, harvested onto
glassfibre paper, and retained p emission was quantified in a scintillation
counter.

(The response to the mitogen PHA was measured after 72 hours.)

Results are given as mean cpm +/- 1SD of triplicate determinations.
3.3.6.

Proliferation

assa ys

under

lim iting

dilut ion

con dit ion s.

Plastic adherent cells were irradiated with 5000 cGy from a cobalt
source and plated at 10^ cells per microwell.
cells were added.
c u ltu re s

w ere

Graded numbers of responder

The final culture volume was 200p.l.
supp lem en ted

w ith

reco m b in an t 11-2

M a n n h e im , FRG) at 15U/ml 60 hours after initiation.

Where indicated,
(B o eh rin g er,
Wells were pulsed,

harvested onto glassfibre filters, and cpm determined as described above.
For recall antigen responses, 24 to 48 replicate

wells per responder

cell

number were set up for each responder population.

At each responder

cell

number, one set of replicates contained the nominal antigen,

a second

set did not.

This design allows to score positive responses

against the

background (mean + 3 SD) produced by the same cells in the absence of
nominal antigen (Van Oers, 1978).

One set o f replicates was reserved

for irradiated adherent cells in the presence or absence
responder cells to control for the contribution of
to the cpm incorporated.

of antigen without

the stimulator population

Antigen doses and duration of cultures were as

stated above.
In
num bers

experim ents
of

responder

to

analyse responses

cells

were

to

allogeneic

added

to

w ells

cells,

graded

containing

10^

allogeneic adherent cells (5000 cGy) or 10^ autologous adherent cells (5000
cGy) at representative

responder cell numbers.

Due to the high frequency

of alloreactive cells, small numbers of responder cells were sufficient.

The

m ean

not

of

cpm

in corporated

by

autologous

co m b in atio n s

was

significantly different for the responder cell numbers analysed (50 to 1000
per well) in most experiments and a common threshold (mean + 3SD) could
therefore

be

irrad ia te d

used.

Replicates

autologous

and

of

control

allogeneic

wells

were set up

feeders

containing

sep arately

and

in

using

a

combination. Culture conditions were as described above.
3.3.7.

Statistical
D ata

a n a ly s is .

from

lim iting

computer program

w ritten

dilution
by

experim ents

Dr Robert

were

Edwards

analysed

following

described by Taswell (1981) as described in chapter 2.4.

the

method

3.4.

R es ul ts .

3.4.1.

Conventional
Table 3.1

proliferation

shows how CD45RA and CD45R0 populations respond to

various

stim uli

in

capacity

o f all

populations

mitogen PHA.
(at

ass ay s.

conventional
is

proliferation
reflected

their

The

strong

proliferative

response

to

the

Recombinant 11-2 added 60 hours after initiation of cultures

15 U/ml), induced

moderate proliferation in both populations. These

responses were insensitive to aHLA -D R
em ployed

in

assays.

(2p.g/ml purified Ig).

responded strongly to alloantigens.

mAb

L243

at

the

concentration

Both CD45RA and CD45R0 populations
Sensitivity to inhibition by L243 may

reflect the role of HLA-DR as major stimulatory element in responses to
a llo a n tig e n s .
In contrast to
stimulated substantial

PHA, 11-2, and alloantigens, the recall
proliferation only of CD45R0 cells.

antigen Tettox

This result

was

also seen with other recall antigens like influenza virus and PPD (Smith et
al., 1986).

The response to Tet tox was sensitive to inhibition by L243.

Proliferation of CD45RA cells to Tet tox could not be revealed by depletion of
CD8 expressing cells, or by addition of exogenous 11-2 (Table 3.1).
study, CD45R0 cells

In

this

were prepared by positive selection. Cells negatively

selected with CD45RA mAbs showed similar responses (Morimoto et al.,
1985a, 1986 a and b; Moore and Nesbitt, 1986; Takeuchi et al., 1987a; Tedder et
al., 1985, and table 6.2).

Table 3.1

Responses of CD45R0 and CD45RA expressing populations in

conventional
Stim ulus

proliferation

11-2
L243
15U/ml aHLA-DR

PHA

assays.
CD45R0
CD45RA
non-adh. PBMC non-adh.PBM C

CD45RA
CD4 T cells

65,146+/-6,781

91,786+/-3,140

66,849+/-4,558

-

-

-

1.339+/-335

989+/-426

1,229+/-101

-

-

+

1.023+/-579

970+/-276

n .d .

-

+

-

5,932+/-808

9,649+/-352

8,043+/-1,404

-

+

+

8,924+/-1,259

13.854+/-2.532

n .d .

Tet tox

-

-

25,950+/-2,324

1.154+/-344

2,357+/-52

Tet tox

-

+

3.343+/-570

609+/-336

n .d .

Tet tox

+

-

29,519+/-245

8,342+/-2,244 11,257+/-2,155

Tet tox

+

+

7,700+/-3,506

11,578+/-1,178

n.d.

alio

-

-

55.898+/-3.506

65,371+/-3,985

n .d .

alio

-

+

4,570+7-1.356

7,160+7-2,200

n .d .

Legend

to table

autologous

or

3.1:

Responder cells (7.5 x l0 4 ) were

allogeneic

plastic

adherent

cells

cultured

(2 .5 x l0 4 ).

with

irradiated

Where

indicated,

recombinant 11-2 (15U/ml) or the anti HLA-DR mAb L243 was added (2 p g /m l
purified

Ig).

Results

are

expressed

incorporated less than 600 cpm.
n.d.: not determined.

as cpm +/-lSD .

Irradiated

adherent

cells

3.4.2.

LDA

r e c a ll

of

p ro life ra tiv e

responses

by

n o n -a d h e re n t

PBM C

to

a n tig e n s
Kozak et al (1982) found frequencies around 1:3000 for "self reactive"

T cells, the majority of which was subsequently shown to respond to SRBC
and/or FCS
is

the

used in the cell separation procedure (Huber et al., 1982).

order

of

m agnitude

expected

for

recall

antigens

in

This

immune

individuals (Van Oers et al., 1978), and would clearly make it difficult to
detect responses to nominal antigen. Therefore, only autologous serum was
used in this study, and SRBC were avoided.
rabbit
and

anti-m ouse

panning

im m unoglobulins

were,

Mouse anti-human mAbs and

however,

employed

for staining

steps.

Initially,

responses

of

unseparated,

non-adherent

PBMC

antigens were analysed as detailed in the methods section.

to

As an example,

figure 3.1 shows responses to PPD and Influenza virus (A/X31).
logarithm ic

plots

show

on

the

responder cells seeded per well.

linear,

horizontal

recall

axis

the

The seminum ber

of

The vertical axes indicate the percentage

of non-responding wells in logarithmic notation.

As shown in the figure,

increasing numbers of responder cells seeded into replicate wells resulted
in a decreasing proportion of negative microcultures.
program described
of x ^ analysis).
plot, indicating

above, the best fitting line

Using the statistical

was calculated (on the basis

The resulting regression lines cross the origin of the LDA
that the

activation of a single precursor is sufficient to

generate a detectable signal in this system.

This is a crucial requirement

for LDA, since this approach is based on the ability to detect the progeny of
single precursors

(Lefkowitz and W aldmann,

1979).

The

frequencies

of

responding cells shown in this study are calculated on the basis of minimal
analysis (Taswell, 1981), using the program described above.

They are

represented by the slope of the calculated regression lines (a steeper line
indicates a higher frequency).

In the experiment shown in figure 3.1, the

frequency of responding cells was one in 7,751 for PPD, and one in 4,659
for A/X31

antigen.

shown

figure

in

LDA regression lines are linear (as in the example
3.1),

if

the

data

obtained

at

numbers are consistent with single hit kinetics.

different

responder

This

assumed at p-

is

cell

values >0.05 (Taswell, 1981).

Linearity of LDA-results in the conventional

sem ilogarithm ic

indicates

representation

and sufficient for a response to occur.

that

a

single

event

is

required

As applied to the results shown in

figure 3.1, this suggests that the major responding
non-adherent

PBMC

analysed

is

not

subject

to

population among the
suppressive

(which would produce multi hit kinetics, see W aldmann,

interactions

1977; Lefkowitz

and Waldmann, 1979; Lefkowitz et al., 1980; Eichmann et al., 1983).

Legend

to figure 3.1. (next page): Non-adherent PBMC were cultured in graded

numbers

of 0.5-8 x 10^ per well on 104 irradiated autologous adherent cells (5000

cGy).

Thresholds for determination of positive responses

mean

cpm +3SD

number.

of 48

control cultures

without nominal

Two sets of 48 cultures were set up

(2pg/m l) and

were defined by
antigen

at each cell

with the recall antigens a)

b) A/X31 (lpg/m l) at each cell number.

15U/ml recombinant 11-2 were added 60 hours after initiation of cultures.
Statistical

analysis:

PPD:

Frequency

1/7,751+/-814 x^=5-14

A/X31:

Frequency l/4,659+ /-432

x^=9-33

p=0.53
p=0.16

the
PPD

71
Figure 3.1

Proliferative responses of non adherent PBMC to the recall antigens

PPD and influenza virus.
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3.4.4.

LDA

of proliferative

populations

to

re c a ll

responses

by

CD45RA

and

CD45R0

a n ti g e n s .

CD45RA and CD45R0 populations were prepared from non-adherent
PBMC or CD4 positive T cells by panning (see materials and methods) and
subjected

to

LDA.

Conventionally,

LDA

cultures

are

supplem ented

with

e x o g e n o u s growth factors to support cells which recognise antigen but are
unable

to produce

series

o f experim ents,

experim ents

are

their own
15

growth

U/ml

sum m arised

factors

after

recom binant

in

table

2.

activation. In

11-2

were

The

ratios

a

added.

first
Four

o f calculated

frequencies ( CD45R0/CD45RA) ranged from 3.4 to 5.8 with a mean of 4.8.
Figure 3.2 a-d shows the results of experiment 1, table 3.2, in more detail.
CD4 T

cells

were

- in dividually,
procedure.
2SD).

or

separated

recom bined

according
to

to

control

UCHL1
for

expression

effects

of

and

the

tested

separation

The 95% confidence limits are represented by shaded areas (+/-

As described

above,

cultures

are

scored

positive when

cpm

incorporated in the presence of nominal antigen exceed the mean +3 SD in
a corresponding

set

(Van Oers, 1978).

of replicates

without

antigen

for each

cell

number

For comparison, the data were reanalysed using a simpler

method to define positive microcultures: Ryser et al (1979) used the mean
cpm + 3SD incorporated by the antigen presenting cells in the presence of
antigens

as

the

threshold.

here, this method

When

suggested

applied

slightly

to

the

experim ents

higher nominal

presented

frequencies, but the

frequency ratios between responder populations and the single hit kinetics
were conserved (not shown).
results,

and

also

This result illustrates the robustness of LDA

emphasises their limits:

LDA

determines

relative

than absolute precursor cell frequencies (Lefkowitz and Waldmann,

rather
1979).

In the presence of exogenous 11-2, only responder cell numbers up
to

2.5x10^ per well could be analysed.

^HTdR

uptake

generated
cultures

by

in

cultures

activation

without

without

of

nominal

At higher cell numbers, the mean

nominal

antigen

exceeded

single precursors. Furtherm ore,
antigen

scored

positive

the

signal

some control

under these

conditions.

To address this problem, a second series of experiments with Tet tox as a
recall

antigen

scatterplot,

was performed

figure

3.3, the

in the

analysis

absence
could

be

of 11-2. As
extended

shown

in the

to responder cell

numbers as high as 1.5xl05 per well without loosing signals from single
responding precursors in background ^HTdR uptake.

Table 3.3 summarises

fo u r

ex perim ents

representation

of

in the

this

kind,

same order.

and
Each

figure

3.4

a-d

plot compares

is
the

a

graphic

response

of

CD45R0 (open squares) and CD45RA (closed circles) populations to Tet tox.
Frequency ratios (CD45R0/CD45RA) ranged from 5.8 to 20.1 with a mean of
12.8 .

Table 3.2.

LDA of proliferative responses to the recall antigen Tet tox in the

presence of exogenous 11-2.
exp.
no.

re sp o n d e r
p o p u la tio n

no. of
le v e ls

1

CD45RA*
CD45R0*

4
4

2

CD45RA
CD45R0

3
4

range

reciprocal
f r e q u e n c y + /- 1 SD

X2

P

2,500-25,000 3 1,250+/-5,000
5,556+/- 611
2,500-25,000

3.40
3.14

0.33
0.37

4
4

1.250-7,500
1,250-7,500

14,285+/-2,999
4,132+/- 597

4.85
1.55

0.18
0.91

CD45RA
CD45R0

5
5

2,500-12,500 21,277+/-3,617
2,500-12,500
6,250+/- 781

5.90
2.82

0.20
0.59

CD45RA
CD45R0

5
5

2,500-12,500 21,277+/-3,617
3,663+/- 476
2,500-12,500

5.90
1.60

0.21
0.96

* purified CD4 T cells.
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Figure 3.2.

Proliferative responses of CD45RA and CD45R0 populations to the recall

antigen Tet tox in the presence of exogenous 11-2.

r e s p o n d e r s / w e 11 x 1 0

re s p o n d e rs/w e llx lO '

CD4 CD45R0 and
CD4 CD45RA
recombined

GD4 CD45R0

Legend to figure 3.2.

CD4 T cells were prepared by negative selection and

separated according to UCHL1 expression by panning (see materials and methods).
Culture conditions were as described in the legend to figure 3.1.

Tet tox was used

at 2LF/ml (4pg protein/ml). 11-2 was added 60 hours after initiation of cultures.
Statistical

analysis:

a) CD4 T cells:

Frequency

1/9804+/-980

X2=8.3

p=0.04

b) CD4 CD45R0 and CD4 CD45RA cells recombined at a ratio of 1 to 1:
Frequency 1/6803

X2 = 6 .8

p=0.08

c) CD4 CD45R0 cells:

Frequency 1/5556+/-611

X2=3.1

p=0.37

d) CD4 CD45RA cells:

Frequency

X2=3.4

p=0.33

95% confidence limits

(+/- 2SD) are

1/31250+/-4882

shown as shaded areas.

Table 3.3.

LDA of proliferative responses to the recall antigen Tet tox

without exogenous 11-2.
X2

P

ra tio

204,081+/-20,408
13,158+/-1,361

10.0
9.7

0.27
0.28

15.5

5.8
3.6

0.68
0.89

9.5

14.6
13.2

0.10
0.15

5.8

3.2
1.1

0.68
0.91

20.3

re sp o n d er
p o p u la tio n

no. of
le v e ls

1

CD45RA
CD45R0

9
9

300-80,000
300-80,000

CD45RA
CD45R0

9
9

1,000-80,000 161,290+/-41,613
16,891+/- 1,604
1,000-80,000

CD45RA*
CD45R0*

10
10

500-100,000
500-100,000

CD45RA
CD45R0

6
5

5,000-150,000
5,000-80,000

2
3
4

range

reciprocal
f r e q u e n c y + /-1SD

exp.
no.

71,429+/-13,286
12,346+/- 1,174
277,778+/-86,lll
13,680+/-2,490

* purified CD4 T cells.

Legend to figure 3.3. (next page) Non-adherent PBMC were separated according to
UCHL1 expression and cultured at graded numbers (see materials and methods). No
11-2 was added.
cpm

are plotted

represent
cultures

control

against responder cell
cultures

containing 2LF/ml

w ithout

numbers

nominal

Tet tox (4pg

log

antigen.

scales.

Open

Filled

triangles

squares
represent

protein/m l).

For statistical analysis see Table 3.3, experiment 4.
data in semilogarithmic LDA format.

on

Figure 3.4.d shows the same

/o

Figure 3.3.

Scatterplot representation of proliferative responses by CD45RA and

CD45R0 populations to the recall antigen Tet tox.

Proliferative

responses

of CD45RA cells

to Tet

tox

10

cpm

10

10

10
number of responder cells per well

Proliferative

responses

of CD45R0 cells

cpm •

number of responder cells per well

to

Tet

tox
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Figure 3.4.

Proliferative responses of CD45R0 and CD45RA populations to the recall

antigen Tet tox.

r e s p o n d e r s / w e l l x l O'

resp o n d ers/w ellx lO

Legend

to figure

3.4.

graphically (a to d).

Experiments

1 to 4 from

Table

3.3

are

represented

Each plot compares the response of CD45RA (closed circles)

and CD45R0 (open squares) populations to Tet tox. No 11-2 was added. Shaded areas
are the 95% confidence limits (+/-2 SD).

3.4.5.

LDA

of p ro liferativ e

p o p u la tio n s
As

to

responses

by

CD45RA

and

CD45R0

a llo a n tig e n s .

exem plified

in

table

3.1,

CD45RA

populations

conventional proliferation assays to alloantigens.

respond

in

To test the proliferative

capacity of these cells under limiting dilution conditions, we performed a
series of alio LDA
from

peripheral

experiments. Allogeneic adherent cells were prepared

blood.

Source,

method

o f preparation,

irradiation,

and

num ber of adherent cells per well were the same as used to present recall
antigens.

Control

cultures

were

set up

at representative

responder cell

numbers with autologous instead of allogeneic adherent cells.
Table 3.4 shows the results of 4 experiments. The frequency ratios
(CD45R0/CD45RA) in response to alloantigens ranged from 0.80 to 1.23 with
a mean of 1.05.

A graphic representation of experiment 4 (from table 3.4)

is found in figure 3.5.
equally
3.1).

well

to

Without exogenous 11-2, both populations responded

alloantigens

Under lim iting

in

dilution

conventional

proliferation

assays

conditions, neither population

addition of exogenous 11-2 in order to respond to alloantigens:
plot shown in figure 3.6 compares responses to alloantigens by

(table

required

the

The scatter
CD4 T cells

separated into CD45R0 and CD45RA populations with and without exogenous
11-2.

Figure 3.7 shows the same experiment in LDA representation.

Table 3.4.

LDA of proliferative responses to alloantigens.

exp.
no.

re sp o n d er
p o p u la tio n

no. of
le v e ls

1

CD45RA
CD45R0

6
6

CD45RA
CD45R0

2
3
4

range

reciprocal
fre q u e n c y + /-1 S D

X2

P

r a tio

25-250
25-250

217+/-29
270+/-41

6.7
2.6

0.24
0.90

0.80

6
6

50-500
50-500

258+/-31
217+/-29

1.9
10.1

0.86
0.07

1.23

CD45RA
CD45R0

5
6

100-1,000
100-1,000

368+/-51
308+/-44

6.3
4.4

0.18
0.49

1.19

CD45RA
CD45R0

6
6

95-3,000
95-3,000

654+/-107
667+/-112

6.8
5.4

0.24
0.37

0.98

Figure 3.5.

Proliferative responses of CD45RA and CD45R0 populations to

stim ulation with alio antigens.

responders/

respon ders/
w ell
1500

CD45R0

CD45RA

j Legend to figure 3.5.

Non adherent PBMC were separated according to UCHL1

I expression and cultured at graded numbers
cells

as described

initiation

w ell

in materials

and methods.

with

irradiated allogeneic adherent

11-2 was

added

60 hours

after

of cultures.

Shaded areas are the 95% confidence limits(+/-2SD). For statistical analysis, see
table 3.4, experiment 4.
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Figure 3.6.

Scatterplot representation of proliferative responses by CD4 CD45RA

and CD4 CD45R0 populations to alio stimulation with and without exogenous 11-2.

CD4CD45RA

CD4CD45RA

no

w ith

11-2

CD4CD45R0

11-2

CD4CD45R0

pm

no

U-2

w ith

11-2

cpm

4
n um ber of

resp o n d er

Legend to figure 3.6.
expression
described
indicated.

by

as

n u m b er o f

CD4 Tcells were prepared and separated

panning (see materials and

For

c e lls

according to UCHL1
only

added where

each microculture, cpm areplotted against responder cell numbers
Closed

stim ulators.

stimulator cells).

resp o n d er

methods). Culture conditions were as

in the legend to figure 3.5,except that 11-2 was

on log scales.
cells

c e lls

squares represent cultures containing
Open

For statistical

squares represent

control

analysis see figure 3.7.

allogeneic

cultures

adherent

(autologous

Figure 3.7.

Proliferative responses of CD45RA and CD45R0 populations to alio

stimulation with and without exogenous 11-2.

n u mb e r of resp on d er c e lls
125

per culture

num ber of resp o n d er c e lls per culture

500

1000
JL

1000

100

CD4 CD45RA T cell r e sp o n se to
alio adherent c e lls in th e
a b se n c e o f e x o g e n o u s II-2

CD4 CD45R0 T c e ll r e sp o n se to
alio adherent c e lls in the
a b s e n c e o f e x o g e n o u s li-2

1 0-

num ber of resp on d er c e lls per culture

num ber o f resp o n d er c e lls p er culture

1000

500

100

1000
100

CD4 CD45RA T cell r e sp o n se to
alio adherent c e lls in the
p resen ce of e x o g e n o u s 11-2

Legend to figure 3.7.

CD4 CD45R0 T ce ll r e s p o n s e to
alio ad heren t c e lls in th e
p r e s e n c e of e x o g e n o u s II-2

This is a graphical representation of the experiment
Statistical analysis:

CD4 CD45RA cells, no added 11-2:

Frequency 1/358 +/-52

X2=L9

p=0.77

CD4 CD45R0 cells, no added 11-2:

Frequency 1/487 +/-71

%2=6.5

p=0.25

CD4 CD45RA cells with added 11-2: Frequency 1/552 +/-92

X2=4.2

p=0.52

CD4 CD45R0 cells with added 11-2: Frequency 1/512 +/-79

to
II
to
bo

described in figure 3.6.

1 0-

p=0.73

3.5.

Discussion
The CD45R0 mAb UCHL1 (Smith, 1986) is specific for the 180kD low

molecular weight isoform of CD45 (Cebrian et al., 1987; Pulido et al., 1988;
Terry et al., 1988).

Several other mAbs identify CD45RA, the 205 and 220 kD

isoforms of CD45 (reviewed by Cobbold et al., 1987).

Examples are 2H4

(Morimoto et al., 1985a), HB10 and 11 (Tedder et al., 1985), and WR16 (Moore
and Nesbitt, 1986).
identify
size,

In resting peripheral T cells, UCHL1 and CD45RA mAbs

complementary,

demonstrating

largely

phenotypic

non-overlapping
heterogeneity

populations

within

subsets (Terry et al., 1987; Akbar et al., 1988).

the

of

CD4

sim ilar

and

CD8

Following activation in vitro,

the majority of CD45RA T cells acquire reactivity with UCHL1 and gradually
lose CD45RA determinants (Moore and Nesbitt, 1987; Terry et al., 1988; Akbar
et al., 1988; Wallace and Beverley, 1989).
Several laboratories have reported functional differences between T
cell populations defined by antibodies to CD45 isoforms.

Only the CD45R0

population provides help for B cell differentiation in PWM-driven systems
and

responds

to

memory

dependent

(recall)

antigens

in

proliferation assays (Morimoto et al., 1985a; Tedder et al.,
Smith, 1986).
been

conventional
1985a and b;

On the basis of these observations, the CD45R0 phenotype has

associated

with

T

cell

memory,

implying

that

a

maturational

relationship between T cells expressing different isoforms of CD45 might
also exist in vivo (Tedder, 1985a; Beverley, 1987).
However, suppressor inducer (Morimoto et al., 1985a; Takeuchi et al.,
1987a) and effector function (Morimoto et al., 1985a; Moore and Nesbitt,
1986) have been associated with the CD45RA phenotype, and suppressive
phenomena may therefore account for the inability of CD45RA T cells to
provide B cell help and proliferate in response to recall antigens.
Suppressor inducer cells are generally thought to be CD4 positive,
and require CD8 effector cells to mediate suppression (Eardley et al., 1983;
Damle et al., 1885; Morimoto et al., 1985a).

Depletion of CD8 cells did not

reveal responsiveness of CD45RA T cells to the recall antigen Tet tox in the
experiments presented here.

However, since suppressor effector function

has been demonstrated for CD4 T cells (Thomas et al., 1981; Moore and
Nesbitt, 1986; Kanof and James., 1988), this result alone can not rule out
suppression

as

an

explanation

population to recall antigens.

for

the

poor

response

of the

CD45RA

The clonal selection theory in it's adaptation for T cells (reviewed by
Jeme,

1974; Melchers and Eichmann,

1986) states that memory formation

results from selection and clonal expansion of cells with high affinity for
antigen and MHC.
antigen

reactive

MacDonald,

This process results in an increased frequency of recall
T

cells

1989).

after

The

priming

concept

(reviewed

that

memory

by

Cerottini

formation

in

and

vivo

is

accompanied by acquisition of the UCHL1 marker would be inconsistent
with

a high

frequency

of

recall

antigen

reactive

suppressive phenomena among CD45RA T cells.
reveal

suppressive

interactions within

aliquots

of

a

responsive

and

population

suppressive

are

elements

by

An established approach to
is the use

1977; Lefkowitz and Waldmann,

1980; Eichmann et al., 1983). When
cell

dominated

lymphocyte populations

of limiting dilution analysis (Waldmann,
1979; Lefkowitz,

cells

placed
will

in

be

gradually

multiple

m icrocultures,

distributed

separated from one another in a proportion of samples.

sm aller

randomly

and

Consequently, the

probability of positive responses increases as the aliquots get smaller, until
the samples are too small to contain any responsive cells.
or

m ulti-phasic

response

is

expected

when

Therefore, a bi-

populations

containing

responsive and suppressive elements are subjected to LDA.
lin e a rity

of

L D A -results

in

the

co n v en tio n al

Conversely,

sem ilo g arith m ic

representation (see figures 3.1, 3.2, 3.4, 3.5, and 3.7) indicates single hit
kinetics, and absence of suppressive effects.
>0.05

This is assumed at p-values

(Taswell, 1981).
The

study

presented

in

this

chapter

compares

proliferative

responses of CD45R0 and CD45RA T cell populations to memory dependent
(recall) and memory independent (alio) antigens by LDA.
assay

system, proliferative

To validate the

responses of unseparated, non-adherent PBMC

were analysed first. As demonstrated by the intersection of the calculated
regression line with the origin of the LDA graph (figure 3.1), the system
was able to detect the proliferative activity resulting from the activation of
single cells.

Moreover, and in agreement with the results of Van Oers et al.

for unseparated T cell populations (1978), the responses showed single hit
kinetics (p >0.05).
Next, CD45RA and CD45R0 populations were compared with each
other.
with

Upon
single

stimulation

hit

kinetics

with
and

alloantigens,
similar

both

frequencies

populations
(the

responded

frequency

ratio

CD45R0/CD45RA was 1,05+/-0.17, n=4, table 3.4). In contrast, only CD45R0
cells contained a high frequency of cells responsive to the recall antigen

Tet tox.

The difference was 12.3-fold in the absence of exogenous growth

factors (+/-5.6, n=4, table 3.3), and 4.6-fold when limiting dilution cultures
were

supplem ented

Qualitatively

with

recombinant

similar results

11-2

were obtained

(+/-1.1,

n=4,

table

3.2).

when non-adherent PBMC or

CD4 positive T cells were used as a starting population.
Conventionally, exogenous growth
in

order

produce

to

support

th eir

cells

own

which

growth

factors are

recognise

factors

added to LDA systems

antigen

but

are

follow ing activation.

unable

to

However,

exogenous 11-2 can cause freshly isolated T cells to proliferate (Le thi BichThuy et al.,

1986).

In the experiments described here, the presence of

exogenous 11-2 resulted
without nominal antigen.

in elevated
This

^HTdR

uptake

by

control

cultures

was a problem at responder cell numbers

> 2 x 1 0 4 per well, because the mean cpm + 3SD generated by the control
cultures obscured the proliferative signal resulting from the activation of
single precursor cells.

Without exogenous 11-2, cell numbers as high as

1.5x105 per well were accessible to analysis.
addressed

the

ability

of T cell

populations

Several recent studies have
distinguished

by differential

expression of CD45 isoforms to produce various lymphokines in response to
activating stimuli (Tedder et al., 1985b; Arthur and Mason, 1986; Damle et al.,
1987; Dohlsten et al., 1988; Salmon et al.,1988; Sanders et al., 1988a; Lewis et
al., 1988; Luqman et al., 1989; Bottomlyet al., 1989).

Although the results

are not yet conclusive, it seems that both, CD45R0 and CD45RA T cell
populations are able to produce 11-2 (Damle et al., 1987; Sanders et al., 1988a;
Lewis et al., 1988).

This is in line with the ability of both populations to

respond to alloantigen in the absence of exogenous growth factors both, in
conventional proliferation
conditions

assays (table

(figures 3.6 and 3.7).

CD45RA cells are

3.1), and under limiting dilution

These results show that CD45R0 as well as

able to respond under the conditions employed, and

validate the observed frequency difference between CD45RA and CD45R0
populations on stimulation with recall antigen.
Two

main

points

emerge from

this analysis:

First,

the

high

frequency of proliferative responses to recall antigens among CD45R0, but
not CD45RA T cells is consistent with the view that a transition from the
CD45RA to the CD45R0 phenotype accompanies CD4 T cell memory formation
in vivo.
Second, CD45RA as well as CD45R0 T cell populations respond with
single hit kinetics to stimulation with recall and alloantigens.

While this

result does

not

question

the

well

documented

existence

of suppressive

phenomena mediated by in vitro preactivated CD45RA T cells (Morimoto et
al., 1985a; Moore and Nesbitt, 1986, 1987; Morimoto et al., 1986a and b;
Takeuchi et al., 1987a), it virtually rules out the possibility that suppressive
interactions

are

responsible

for

CD45RA T cells to recall antigens.

the

low

proliferative

responsiveness

of

CHAPTER 4:
DIFFERENTIAL EXPRESSION OF CD45 ISOFORMS BY PRECURSORS
FOR MEMORY-DEPENDENT AND -INDEPENDENT CYTOTOXIC
RESPONSES: HUMAN CD8 MEMORY CTLp EXPRESS CD45R0 (UCHL1).
4.1.

Sum m ary
CD45RA and CD45R0 reagents subdivide both CD4 and CD8 T cell

populations (Terry et al, 1987; Pulido et al., 1988; Janossy et al., 1989).
cells

that proliferate in response to memory dependent

have been shown to selectively express
Morimoto

et

al,

1985a;

Merkenschlager et al,

Smith

1988).

et

al,

CD4 T

(recall) antigens

CD45R0 (Tedder et al,
1986;

Here, these

Moore

1985b;

and Nesbitt,

observations

1986;

on proliferative

responses by CD4 T cells are extended to a model for cytotoxic responses that
allows

the

expression.

functional

analysis

Precursors

for

of CD8

T cells

allospecific

CTL

with

differential

responses

were

CD45
readily

detectable in CD45R0 as well as CD45RA populations. In contrast, memory
CTLp were found to be greatly enriched among CD45R0 cells.
In combination with earlier work (Tedder et al, 1985b; Morimoto et
al, 1985a; Smith et al, 1986; Moore and Nesbitt, 1986; Merkenschlager et al,
1988), these results suggest that differential expression of CD45 isoforms is
associated

with

memory

formation

responses in both major T cell lineages.

for

different

classes

of

immune

4.2.

Introduction.
In chapter 3, limiting dilution analysis

CD4

T

cells

showed

different

(LDA) of CD45RA and CD45R0

precursor

frequencies

for proliferative

responses to recall antigens in these populations. No evidence was found
that suppressive interactions contributed to the poor response by CD45RA
populations (see also Merkenschlager et al,

1988). These observations are

consistent with a phenotype transition from CD45RA
activation (priming) in vivo.

to CD45R0 following

Therefore, differential expression of CD45

now appears as a marker for post-thymic T cell maturation, at least in the
population of CD4 T cells that mediates proliferative responses (Tedder et al,
1985b; Merkenschlager et al, 1988).
Here, this model is tested for another aspect of T cell biology: The
cytotoxic

potential of CD45RA and CD45R0populations is investigated with

the aim to define the phenotype of memory

CTLp.

first functional analysis of antigen specific responses

The work includes the
by CD8 T cells with

differential CD45 expression.
Rickinson et al. demonstrated the presence of self-restricted memory
T cells

specific for Epstein-Barr virus (EBV) in the blood of immune

individuals (Rickinson et al, 1979, 1980).
by

Memory CTLp could be activated

stimulation with autologous EBV transformed lymphoblastoid cell lines

(autologous EBV-LCL) in vitro (Rickinson et al, 1981; Wallace et al, 1982;
Misko et al, 1982; Fishwild et al, 1988).
physiologically

This model appears to reflect

relevant immune surveillance responses

in vivo

(reviewed

by Rickinson, 1986).
EBV-LCL can

stimulate

CTLp activation

in

isolated CD8 T

cell

populations without requirement for added CD4 T cells (Fishwild et al, 1988).
This apparent autonomy of CD8 cells in response to EBV-LCL facilitates
studies on isolated subpopulations of CD8 T cells.

Here, this system is

adopted to investigate CD45 expression by human memory CTLp. Memory
dependent cytotoxicity against autologous EBV-LCL was found to segregate
with

the

CD45R0

phenotype.

In

contrast,

both

populations generated allospecific CTL activity.

CD45R0

and

CD45RA

4.3. M at e ri a ls
4.3.1.

Cell

and

methods.

lines.

EBV-LCL (derived by Dr. D. Crawford by infection of T cell depleted
PBMC from 5 EBV seropositive and one EBV seronegative healthy volunteers
or provided

by

Dr.

S. Marsh,

ICRF Tissue

Antigen

Laboratory)

were

maintained in RPMI 1640 with 10% heat inactivated FCS as described in
chapter 2.3.1.

Before use as stimulator cells, EBV-LCL were passaged at least

once in medium containing human serum instead of FCS.
4.3.3.

Preparation
Human

separated

of

cell

serum was

into plastic

chapter 2.3.2.

used

populations.
throughout.

PBMC

were obtained

adherent and non-adherent cells

and

as described in

Plastic non-adherent PBMC were fractionated according to

density as described by Phillips et al (1984):

Cells were resuspended in

RPMI with 5% human serum at 10^/ml, and layered over 43.5% isotonic
Percoll (Pharmacia, Uppsala, Sweden).

Isotonic Percoll is a mixture of 9 vol

Percoll as obtained from the manufacturer and 1 vol lOx PBS-A.
of

isotonic

Percoll

are

made

with

RPMI,

5%

human

Dilutions

serum).

After

centrifugation at 400g for 20 min at room temperature, light cells were
removed

from the interface, and dense cells collected from the pellet.

reported

by Phillips et al (1984), the low density

As

fraction included most

cells with LGL morphology and NK activity. The high density fraction was
enriched

for small

lymphoid cells.

This distribution

was confirmed by

indirect immunofluorescence with L eu llb (CD16) and UCHT1 (CD3) as well
as by 51Cr release assays with K562 as a typical NK target (data not shown).
The dense fraction
appropriate cocktails
negative

selection

was divided into

aliquots

of mAbs (see figure legends

by

panning,

residual

stained

and

incubated

for details). Following
cells

were

depleted

treatment with rabbit complement as described in chapter 2.3.3.
experiments, negatively

with
by

In some

selected populations enriched for CD4 or CD8 T

cells were stained with UCHL1 and further separated by panning.

For some

experiments, isolated

CD4 cells were incubated for 30 minutes at

37'C with

mitomycin-C (Sigma)

at 50ug/ml in serum free RPMI.

4.3.3.

Indirect

immunofluorescence.

The composition of cell populations was assessed as described in
chapter 2.5.

Dense, non-adherent PBMC were >98% reactive with 2D1

(CD45), and approximately 85% positive for UCHT1 (CD3).
populations

prepared

by

staining

with

UCHL1

and

The purity of

double

panning

on

SaMIg coated plates was around 90% for positive and >95% for negative
selection.
panning

When

cocktails

was sometimes

of

less

mAbs

were

effective.

used,

negative

selection

Subsequent treatment with

by

rabbit

complement enhanced purity to 90% or more.
4.3.4.

Activation

cu ltures .

1-2x10^ responder cells

were cultured for 7-10 days with stimulator

cells at the ratios and under the conditions described in chapter 2.
experim ent,

numbers

and

volumes

were

the

same

for

In each

all

responder

populations to be compared for their cytotoxic potential.
4.3.5.

Cytotoxicity

assays.

Cultures were washed and resuspended in fresh medium, and serial
dilutions

containing

prepared.

In all experiments, lysis of the nominal targets was compared to

lysis

of

control

defined

targets,

fractions

either

of

the

mismatched

autologous to the responder population(s).

original

EBV-LCL,

cultures
or

PHA

were
blasts

Target cells were prepared as

After 4 hours, y emission in the supernatants

described in chapter 2.3.7.

was determined and specific release was calculated in %.
4.3.6.

LDA

of CTLp

frequencies.

Graded numbers of responder cells were cultured with autologous or
allogeneic

EBV-LCL

m icrocultures

were

as

described

assayed

for

in

chapter

cytotoxic

2.3.8.

activity

After
against

7-9

the

days,

original

stimulator EBV-LCL, and partially or completely mismatched EBV-LCL as
ta rg e ts.

3.4.7.

Statistical

analysis

of

LDA

results.

Statistical analysis of LDA results was carried out as described in
chapter 2.4, using a computer program written by Dr. R. Edwards (ICRF,
London) based on the method of Taswell (1981).

The interpretation of LDA

results was explained and discussed in detail in chapter 3.
4.4.

R esults.

4.4.1. Allospecific
CD45R0
In

CTL

activity

is

generated

by

CD45RA

and

lym phocytes.
chapter

3,

proliferative

responses

populations to alloantigens were measured.
showed similar frequencies.

of

human

lym phocyte

CD45RA and CD45R0 T cells

Here, stimulation with alloantigens is used to

investigate the cytotoxic potential of lymphocytes with differential CD45
expression.

Figure 4.1

shows that allogeneic

adherent mononuclear cells

(figure 4.1a) and allogeneic EBV-LCL (figure 4.1b) elicit cytotoxic responses
from both CD45RA and CD45R0 populations of dense, non-adherent PBMC.

Legend to figure 4.1. (next page) Dense, non-adherent PBMC were stained
with UCHL1 and separated into CD45RA and CD45R0 populations by panning.
(a): Responder cells were cultured in the presence of allogeneic adherent
cells at a stimulator to responder ratio of 1:2. Cytotoxicity was measured
against PHA blasts derived from the same donor as the stimulator cells
(nominal

target)

Coculture with

and

against

autologous

PHA

blasts

autologous adherent PBMC did not

(control

generate

target).

substantial

cytotoxic activity under these conditions (data not shown).
(b): Responder cells were cultured in the presence of allogeneic EBV-LCL at
a stimulator to responder ratio of 1:25. Cytotoxicity was measured against
the

EBV-LCL

used

as

stimulator

autologous PHA blasts (control target).

cells

(nominal

target)

and

against

91

Figure 4.1.

The cytotoxic potential

a

of CD45RA and CD45R0 populations.

CD45RA

CD45R0

C D 45R 0 & CD45RA

40 -i

4)
V)

O
0)
O

30 -

30-

30 -

nominal target

20-

control ta rg et

10

10 -

-

1/64

1/32

1/1 6

1 /8

1/64

1/32

1/16

1 /8

1/64

1/32

1/1 6

1/8

fraction of original culture
b

CD4SR0

CD45RA

nom inal target
control ta rg e :

f ra c tio n of original c u ltu r e

Table 4.1.
Cytotoxicity generated by PBMC from different donors in response to EBVLCL
Exp.

activation culture

.cytotoxicity assay.

stimulator
responder ratio

stimulus

target

% spec.

auto EBV-LCL

1/10

auto EBV-LCL
alio EBV-LCL 1
alio EBV-LCL 2

35
11
3

auto EBV-LCL

1/25

auto EBV-LCL
alio EBV-LCL 1
alio EBV-LCL 2

32
5
6

auto EBV-LCL

1/50

auto EBV-LCL
alio EBV-LCL 1
alio EBV-LCL 2

22
2
7

auto adh. PBMC

1/2

auto EBV-LCL
auto PHA blasts

-1
-2

auto EBV-LCL

1/25

auto EBV-LCL
auto PHA blasts

3
4

alio EBV-LCL

1/25

alio EBV-LCL
auto PHA blasts

26
-3

Legend to table 4.1.

2x10^

dense,

non-adherent PBMC

from

a EBV-

seropositive donor (a) and a EBV-seronegative donor (b) were cultured for
8 days at lOfyml with:
(a) autologous EBV-LCL

at stimulator to responder ratios

of 1:10, 1:25,and

1:50.

was measured against autologous

EBV-LCLand two

Cytotoxic acticvity

different mismatched allogeneic EBV-LCL. Specific release in % is shown
for a fraction of the original culture of 1/12.
(b) autologous adherent cells at a stimulator to responder ratio of 1:2,
autologous EBV-LCL at 1:25, and allogeneic EBV-LCL at 1:25.
Cytotoxic

activity

was

measured

against

autologous EBV-LCL

or the

allogeneic EBV-LCL used as stimulator cells. Autologous PHA blastswere the
control targets. Specific release in % is shown for a fraction of the original
culture of 1/8.

4.4.2.

CTL

responses

to autologous

EBV-LCL.

A stimulator to responder ratio of 1:25 (slightly higher than the 1:40
suggested by Wallace et al, 1982)
preference

for

autologous

allowed the generation of CTL with

EBV-LCL

PBMC at lxiofym l (table 4.1a).

from

1-2x10^

dense,

Under these conditions,

non-adherent

PBMC from the only

seronegative donor in this study developed no detectable cytolytic activity
after

activation

cultures

with

autologous

EBV-LCL,

but

generated

allospecific CTL in response to allogeneic EBV-LCL (table 4.1b).
The demonstration that cytolytic potential is independent of the CD45
phenotype (figure 4.1) allows comparison of the memory CTL response to
autologous EBV-LCL in CD45R0 and CD45RA populations.
shown

in figure 4.2,

CD45R0 phenotype.

cytotoxic

activity

consistently

As in the example

segregated

with the

Figure 4.2.

Cytotoxic responses of CD45RA and CD45R0 populations to auto EBV-LCL.

a

CD45R0

b

CD45RA

25'

25 -i

nominal target
control target 1
control target 2
control target 3

0)
tfl
20 (0
0)
0L.)
o
u0)
W 10■

1/128

10 -

1/64

1/32

1/16

1/128

1/64

1/32

1/16

fra c tio n of o rig in al c u ltu re

Legend to figure 4.2: Dense, non adherent PBMC were stained with UCHL1 and
separated into CD45R0 (a) and CD45RA (b) populations by panning. Responder
populations were cultured in the presence of auto EBV-LCL at a stimulator to
responder ratio of 1:25. Cytotoxicity was measured against auto EBV-LCL (nominal
target), and three different mismatched alio EBV-LCL (control targets).

4.4.3. CTLp for the
found

w ith

high

memory

frequencies

response
in

to

CD45R0

autologous
but

not in

EBV-LCL

are

CD45RA

p o p u la tio n s .
Limiting dilution analysis (LDA) was employed to test responses by
CD45R0

and

CD45RA

populations

(of

autologous EBV-LCL at the clonal level.

dense,

non-adherent

PBMC)

to

Targets were autologous EBV-LCL

and mismatched allogeneic EBV-LCL (control). Table 4.2 summarises the
statistical analysis of data obtained in two independent experiments. Figure
4.3 is a a graphic representation of cytotoxic responses against autologous
EBV-LCL observed at different responder cell numbers in
and (b), table 4.2.
2SD).

experiments (a)

Shaded areas represent the 95% confidence

limits (+/-

The ratios of the reciprocal frequencies of responses observed in

CD45R0/CD45RA populations were 16.6/1 for experiment (a), and 40.9/1 for
experiment

(b). The responses

single hit kinetics

of both populations

and showed no evidence

were consistent

for suppressive

with

interactions.

These data indicate that in response to autologous EBV-LCL, CTLp are more
frequently activated in the CD45R0 population.

This difference

may result

from unequal distribution of memory CTLp themselves, some cells whose
cooperation

they

require

(even

cooperation), or an intrinsically

though
different

the

data

ability

do

not

indicate

of both populations

to

respond under the conditions employed.
Attempts to generate EBV specific CTL in cultures supplemented with
recombinant 11-2 were not successful.

Even isolated CD8 T cells (depleted of

CD 16 positive cells) generated NK-like cytotoxicity in response to EBV-LCL
in combination with

small amounts (nominally 2U/ml)

preparation of human rIl-2 (data not shown).
frequency differences

of a commercial

In preliminary experiments,

similar to those shown in table 4.2 were seen in the

presence of rIl-4 (data not shown).

Table 4.2.

LDA

of the memory CTL response to autologous EBV-LCL.

Exp. Resp.
cells

No. of
levels

a

CD45R0

6

1250-10000

auto

CD45R0

5

1250-7500

control

CD45RA

6

2500-20000

auto

CD45RA

6

2500-20000

control

CD45R0

7

300-50000

auto

CD45R0

7

300-50000

control

CD45RA

7

300-50000

auto

CD45RA

7

300-50000

control

b

Range

Target
EBV-LCL

see chapter 4.4.3 for explanation.

1/frequency
+/-1SD

P

Ratio

1.1

.95

-

3.2

.52

-

46751+/-13558

1.8

.90

1/16.6

>3x105

2.1

.83

-

6.6

.35

3.6

.72

-

4.1

.67

1/40.9

2809+/- 486
13978+/-5311

X2

9208+/-1317
132100+/-54557
376860+/-150744
>106

-

-
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4.4.4. CTL responses to EBV-LCL by CD8 T cells with differential
expression

of

CD8

T

expression.

CD45
cells

isoform s.
to

UCHL1

For a functional analysis of CD8 T cells expressing

different

isoforms of CD45,

were

isolated

and separated

according

the resulting populations were cultured with EBV-LCL

either in isolation, or with mitomycin-C treated CD4 T cells.
In

response

to

allogeneic

EBV-LCL,

allospecific

cytotoxicity

was

generated by CD45R0 and CD45RA populations of CD8 T cells, without (table
4.3) or with added CD4 cells (figure 4.4).

The response by isolated CD8

CD45R0 T cells was usually weaker than that generated by CD8 CD45RA T
cells.
In contrast, cytotoxic activity in response to autologous EBV-LCL
segregated with CD45R0 expression by CD8 T cells (table 4.3c, figure 4.4).
Finally,
separated

into

CD4

and

CD45R0

CD8
and

recombined in a checkerboard

T cells
CD45RA.

were

isolated,

The resulting

and

independently

populations

were

experiment. The response of CD8 T cells to

autologous EBV-LCL depended on the CD45 phenotype of both, the CD4 and
the CD8 T cells (figure 4.5 ; note, that this experiment does not distinguish
between CTL induction and CTL activity of CD4 T cells).

Legend to table 4.3 (next page):

Dense, non-adherent PBMC were stained

with cocktails of mAbs, and CD8 T cells were negatively selected by panning
and subsequent complement treatment. The CD8 CD45R0 population resulted
from staining with Leu lib (CD 16), B1 (CD20), Q6D3 (CD4), and 2H4 or Leu 18
(both CD45RA).
To enrich for CD8 CD45RA T cells, the CD45RA reagent was replaced by
UCHL1. CD4 cells were prepared by panning of dense, non-adherent PBMC
stained with mAb MT310 (CD4) and treated with mitomycin-C (50ug/ml for
30 minutes at 37'C).

Results are shown only for populations containing less

than 5% of residual staining with the depletion cocktail.

The stimulator to

responder ratio was 1:25 in (a)-(c).
(a) 1x10^

CD8, CD45R0 or CD45RA T cells were cultured with allogeneic EBV-

LCL 1, either alone or with 5x l0 5 CD4 cells. Cytotoxicity was measured
against the stimulator EBV-LCL 1 and against mismatched allogeneic EBVLCL 2.

The response generated by 5x10^ CD4 positive mitomycin-C treated

cells against allogeneic EBV-LCL is shown as a control.

Numbers represent

specific release (in %) for a fraction of the original culture of 1/8.
(b) 1x10^ CD8, CD45R0 or CD45RA T cells were cultured with allogeneic EBVLCL. Cytotoxicity was measured against the stimulator cells

and against

autologous PHA blasts. Specific release in % is shown for a fraction of the
original culture of 1/12.
(c) 1x10^ CD8, CD45R0 or CD45RA T cells were cultured with autologous or
allogeneic EBV-LCL. Cytotoxicity was measured against the stimulator cells
and against autologous PHA blasts. Specific release in % is shown for a
fraction of the original culture of 1/8.

Table 4.3

Isolated CD8 T cells generate cytotoxicity in response to EBV-LCL

activation culture

cvtotoxicitv

assav

responding
population

stimulus

target

CD8.CD45R0

alio EBV-LCL 1

alio EBV-LCL 1
alio EBV-LCL 2

11
1

CD8.CD45RA

alio EBV-LCL 1

alio EBV-LCL 1
alio EBV-LCL 2

24
2

CD4 (mitomycin-C) alio EBV-LCL 1

alio EBV-LCL 1
alio EBV-LCL 2

3
-4

CD8,CD45RA &
CD4 (mitomycin-C)

alio EBV-LCL 1

alio EBV-LCL 1
alio EBV-LCL 2

24
1

CD8.CD45R0

alio EBV-LCL

alio EBV-LCL
auto PHA blasts

15
3

CD8.CD45RA

alio EBV-LCL

alio EBV-LCL
auto PHA blasts

34
5

CD8,CD45R0

auto EBV-LCL

auto EBV-LCL
auto PHA blasts

39
10

CD8.CD45RA

auto EBV-LCL

auto EBV-LCL
auto PHA blasts

CD8.CD45RA

alio EBV-LCL

alio EBV-LCL
auto PHA blasts

% specific
release

1
2
56
0

Figure 4.4

Cytotoxic responses to auto EBV-LCL by CD45RA and CD45R0 CD8 T cells

recombined with CD4 T cells.
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1/12

fra c tio n of o rig in al c u ltu re

Legend to figure 4.4: Responder populations were prepared as described in the
legend to table 3.

5x10^ mitomycin-C treated CD4 pos cells were

cultured in the

presence of auto or alio EBV-LCL at a stimulator to responder ratio of 1:25 either
alone (a), or in combination with 5x10^ CD8 CD45R0 (b) or CD8 CD45RA T cells (c).
Cytotoxicity was measured against the stimulator EBV-LCL (nominal target) and
against auto PHA blasts (control target).
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Figure 4.5

Cytotoxic responses to EBV-LCL by populations of CD4 and CD8 T cells

seperated according to CD45 isoform expression.
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0

0

1/32

1/16

1/64

1/8

1/32

1/16

1/6

1/64

1/32

1/16

1/8

linal culture

Dense, non adherent PBMC were enriched for CD8 T cells by

panning and complement treatment after staining with L e u llb (CD 16), B1 (CD20),
and Q6D3 (CD4). To obtain CD4 pos T cells, UCHT4 (CD8) replaced Q6D3 in the
cocktail.
Isolated CD4 and CD8 T cells were stained with UCHL1 and separated by panning.
The

resulting

fractions

were

populations (each consisting of

combined

5x10^

CD4 and

to

give

5x10^

four

different

responder

CD8 cells). Auto or alio EBV-

LCL were added at a stimulator to reponder ratio of 1:25. Cytotoxicity was measured
against the stimulator EBV-LCL (nominal target) and against

auto PHA blasts

(control target). Responses to auto EBV-LCL are shown in (a)-(d). Panel (e) shows
(on a different scale) the alio response by the combination of CD4 CD45RA, and CD8
CD45RA cells.

4.5

D iscussion
Human CD8 as well as CD4 T cells are heterogeneous with respect to

CD45 isoform expression (Tedder et al, 1985a and
Morimoto et al, 1985a).
presented

1987;

However, previous functional studies have focussed

on CD4 T cells (see Beverley,
experiments

b; Terry et al,

here

have

1987, and chapter1.4 for review).
investigated

allospecific

and

The

memory-

dependent cytotoxic responses in a model system that allows the functional
analysis of CD8 T cells with differential CD45 expression.
Following stimulation with

alloantigens on adherent PBMC or

EBV-

LCL, CD45RA as well as CD45R0 PBMC populations generated allospecific
cytotoxic

activity.

Allogeneic

EBV-LCL

induced

allospecific cytotoxic

responses by CD45RA and CD45R0 populations of CD8 T cells, either in
isolation (table 4.3), or when recombined with CD4 T cells.
Around 20% of resting CD8 human PBMC are CD45R0 as defined by
reactivity with the mAb UCHL1 (Terry et al,
activation in vitro with PHA and rIl-2, UCHL1
cells (not shown).

1987).

Three days after

stained the majority of CD8

Loss of CD45RA and gain of CD29 was demonstrated for

CD4 and CD8 expressing T cells at the clonal level (Serra et al, 1988).
and CD29 mAbs such as 4B4
Beverley,

UCHL1

define largely overlapping populations

(see

1987).

As discussed in chapter 3 for CD4 T cells, a transition from CD45RA to
CD45R0 after activation in vivo

would result in the enrichment of cells

responsive to recall antigens inthe CD45R0 population. The demonstration
of cytolytic potential in both populations has allowed this
addressed

issue to be

experim entally.

A well characterised model for memory CTL responses was adopted
for these experiments:

EBV-specific CTLp from the peripheral blood of EBV

seropositive individuals can be reactivated in vitro

(Rickinson et al, 1979,

1980, 1981,1986; Wallace et al, 1982; Misko et al, 1982; Crawford et al, 1983;
Kontinnen et al, 1985; Fishwild et al, 1988).
as

an

in

vitro

correlate

of

This response may be regarded

immune surveillance

infected/transformed cells (reviewed by Rickinson,

against

EBV

1986).

According to published work, CD8 T cells are necessary (Crawford et
al, 1983; Konttinen et al, 1985) and possibly sufficient (Crawford et al, 1983)
to control
in vitro.

EBV induced transformation of freshly infected autologous cells
Purified CD8 T cell populations have been reported to generate

cytotoxic activity in response to EBV-LCL,

apparently without requirement

for CD4 T cells (Fishwild et al, 1988).
When
with

dense

differential

non-adherent
CD45

PBMC

expression,

were

separated

responses

segregated with the CD45R0 phenotype.

to

into

populations

autologous

EBV-LCL

Next, CTL activity generated by

CD8 T cells in response to autologous EBV-LCL was investigated.
CD45R0 populations of CD8 T cells were tested

CD45RA and

either in isolation, or

recombined with CD4 cells (unselected or selected for differential CD45
expression).

In contrast to allospecific responses, CTLp for autologous EBV-

LCL were enriched in the CD45R0 fractions (table 4.3, figures 4.4 and 4.5).
Finally, LDA was employed to study this difference at the clonal
level.

CD45RA and CD45R0 populations prepared from dense, non-adherent

PBMC

responded

with

different

frequencies

(the

frequency

ratios

CD45R0/CD45RA were 16.6/1 and 40.9/1, respectively), but consistent with
single hit kinetics.

There was no indication that the poor response of

CD45RA cells to autologous EBV-LCL was due to suppressive interactions.

As

defined operationally, a memory CTLp is a cell able to generate cytotoxic
activity specific for autologous EBV-LCL under the experimental conditions
employed.

Cells with these characteristics apparently exists and seem to be

unequally

distributed

among

T

cell

populations

with

differential

CD45

e x p re ssio n .
In

attempts

to

populations to respond

define
with

conditions

which

higher frequencies

were supplemented with recombinant 11-2.

might
in

enable

this

However,

T

cells

(depleted

of

CD 16

expressing

system,

cultures

EBV specific CTL

were not reproducibly generated in when 11-2 was present.
CD8

CD45RA

cells)

Even isolated

generated

NK-like

cytotoxicity in response to EBV-LCL in combination with small amounts of a
com m ercial

preparation

of

human

rIl-2

(data

not

shown).

This

phenomenon resembles the unrestricted cytotoxic T cell response induced
by EBV-LCL at high stimulator to responder ratios (Wallace et al,
Rimm

et

al,

1984).

In preliminary

similar to those shown in table 4.2

experiments,

frequency

1982;

differences

were observed in the presence of

recombinant 11-4 (data not shown).
Summarising

the

experiments

in the EBV-system

under bulk

LDA conditions, memory CTLp appear to express selectively

and

the 180kD

molecular mass isoform of CD45, identified by UCHL1 (CD45R0). These results
suggest CD45R0 as a marker for memory CTLp within the CD8 T cell
p o p u la tio n .

CHAPTER 5:

IMPLICATIONS OF THE LIMITING DILUTION

A N A L Y SIS.
5.1.

Conclusions

from

chapters

3 and

4.

The experiments described in chapters 3 & 4 were carried out to
determine the cellular basis for the poor response of CD45RA T cells to
recall antigens.

T cell memory was found associated with the CD45R0

phenotype in both CD4 and CD8 populations.

Perhaps more important was

the finding that CD45R0-depleted populations of both CD4 and CD8 T cells
contained

only

consistent

low

with

frequencies

the

of

cells

interpretation

responsive

that

to

CD45RA

recall

antigens,

determ inants

are

preferentially expressed by unprimed T cells.

This conclusion is based on

single hit kinetics

and cytotoxic

observed

for proliferative

responses in

both CD45RA and CD45R0 T cells, i.e. the failure to detect evidence for
suppressive
5.2.
5.2.1.

interactions

within

these

populations.

Q uestions.
Can
In

LDA
theory,

ru le

out

LDA

segregating responsive

suppressive

should

disclose

in teractio n s?
suppressive

and suppressive elements.

interactions

Successful

by

applications

of this approach have been reported (see Lefkowitz and Waldman, 1979;
Lefkowitz et al.,
elements

were

1980; Eichmann et al., 1983)
present

in

large

excess

of

However, if suppressive
the

responsive

segregation would not be expected to occur at any cell number.

elem ents,
While this

possibility can not be excluded by the available data, it would still require
that

responsive

elements

occur

at

relatively

low

frequencies,

therefore

validating the conclusion that T cells responsive to recall antigens are rare
among CD45RA populations.

5.2.2.

Are

T

cell

responses

to

recall

antigens

and

alloantigens

com parable?
As discussed in chapter 1, strong in vitro T cell responses to recall
antigens

require environmental

or experimental

priming,

which

seems to

be accompanied by increased frequencies of detectable antigen specific T
cells in primed individuals.
immunologically

specific,

In contrast, responses to alloantigens, albeit
do

not

rely

on

memory

formation.

High

frequencies of alloreactive T cells occur in unprimed individuals (reviewed
by Cerottini and MacDonald, 1989).
The experimental approach described in chapters 3 & 4 is based on
these observations:
phenotypically

With the objective of locating recall responses among

heterogeneous

T

cell

populations,

isolated

CD45R0

and

CD45RA cells were stimulated with both, recall and alloantigens in parallel
experiments under similar conditions.

With emphasis on CD4-expressing

(potentially class II restricted, see Swain, 1983; von Boehmer et al., 1989b,
for review) T cells, chapter 3 compares proliferative responses of CD45RA
and CD45R0 populations to Tet tox presented by autologous adherent cells
from peripheral blood.

As an internal, memory independent control for

the ability of both populations to respond proliferatively under the culture
conditions employed, allogeneic stimulator cells were employed.

CD45RA

and CD45R0 CD4 T cells responded to allogeneic adherent cells with similar
fre q u e n c ie s .
Chapter 4 extends this analysis to cytotoxic responses by CD8 T cells.
Autologous, Epstein-Barr Virus (EBV) transformed B cell lines (EBV-LCL)
were used to generate EBV-specific memory CTL (reviewed by Rickinson,
1986).

Again, allogeneic cells of the same type provided the memory

independent control, and CD45RA and CD45R0 populations responded with
sim ilar

frequencies.
This

approach

is

sensible

only

if autologous

APC

(plus

recall

antigens) and allogeneic APC of the same cell type, at the same number,
and under identical culture conditions provide comparable
cells,

distinguished

only

by

dependence

or

stimuli for T

independence

on

memory

formation.

Whether this is likely to be the case will be discussed in the

following

paragraph.

T cell clones specific for nominal antigens in the context of self-MHC
may have additional allospecificity (Sredni and Schwartz, 1980;

Ashwell et

al, 1986; Matis et al, 1987; Davis et al., 1989; Lechler et al., 1990).

Both

specificities have been successfully transferred by transfection of a single
aP TCR heterodimer (Malissen et al., 1988).

This experiment demonstrates

that T cell responses to alloantigens can occur as a consequence of cross
recognition by the same TCR.
Self-restricted
associated

with

T

cells

recognise

autologous MHC

fragments

products

(Fink

Zinkemagel et al., 1978; Townsend et al., 1985).
(by

definition)

allogeneic

MHC molecules,

of

nominal antigen

and

Bevan,

1978;

Allorecognition involves

but

recent evidence

that peptides associated with MHC-class I (Heath et

suggests

al., 1990) or -class II

products (Marrack et al., 1988; Lechler et al., 1990) may

(at least in some

cases) contribute to recognition by alloreactive T cells.
How

can

the

high

frequency

with

which

T

cells

respond

to

allogeneic MHC molecules without intentional priming be reconciled with
the apparent necessity for positive selection in the thymus (von Boehmer
et al., 1989a)?

Matzinger and Bevan (1977) have suggested that (normally

self-restricted) T cells may cross-react with any of a multitude of novel
determinants generated by combining a set of allogeneic MHC molecules
with other structures on the surface of allogeneic cells (see also
1978).

Cross-reactivity

relatedness

may

be

fortuitous,

between allogeneic and autologous

et al., 1990, for review).

or

based

on

Bevan,

structural

MHC molecules (see Lechler

Several allelic HLA-DR molecules differ from each

other only in few amino acid residues which are thought to be involved in
peptide-binding, rather than in interactions with the TCR (on the basis of
the model proposed for human class II molecules by Brown et al, 1988,
extrapolating

from

the

crystal

structure

of

human

Bjorkman et al., 1987a and b; Garrett et al., 1989).

class

I

molecules,

There are examples for

human T cell clones with dual specificity for self MHC + antigen, and
closely related allogeneic HLA-class II products (reviewed by Lechler et al,
1990).

Similar observations in the murine system were made when the

(closely related) p chains of the murine class II molecules IAU and IAk w ere
subjected to site-directed mutagenesis (Davis et al, 1989):

T cell clones

specific for a defined peptide antigen in the context of either I-Au or IAk
were tested

for responsiveness

to the mutated IA molecules,

without added peptide antigen.
self-restricted,
observations
murine T

allorestricted,
from

human

with

and

The results demonstrated a 'continuum' of
and

and

alloreactive

murine

systems

response
may

patterns.
explain

why

These
many

cell clones with dual specificity recognise structurally related

MHC molecules in both situations, e.g. IA self-restricted clones are more
often cross-react to allogeneic IA than to allogeneic IE (Ashwell et al, 1986;
Matis et al, 1987).
In conclusion, allorecognition

and the self-restricted recognition of

nominal antigens seem to follow very similar rules, and the comparison
between these two types of responses may therefore be valid.

However, the

number of relevant determinants available for T cell recognition in either
situation

is

com pletely

unknown,

and

quantitative

differences

can

CD45RA

and

therefore not be ruled out.
5.3.

P e rs p e c tiv e s .

5.3.1.

U nequal

CD45R0

expression

p o p u la tio n s:

In the

of

adhesion

fu n c tio n a l

molecules

by

im p lic a tio n s?

mouse, the first marker to identify memory T cells was Pgp-1

(Budd et al.,

1987a). As for

CD45R0in the human system, stableacquisition

of Pgp-1 was found to accompany priming of murine T cells (Budd et al.,
1987b).

Pgp-1

is not a member of the CD45 family. However, human

Pgpl/Hermes/CD44 is found at higher levels on CD45R0 than on CD45RA T
cells (Sanders et al., 1988a).
Concomitantly with CD45R0 and Pgpl/Hermes/CD44, human T cells
express elevated
adhesion (see

levels of various surface glycoproteins involved in cell

chapter 1.3.1.f for a description of these molecules).

been demonstrated for LFA-1,
Buckle and Hogg, 1990).

This has

ICAM-1,CD2, and LFA-3 (Sanders etal., 1988a;

Apart from the general role which adhesion and

homing molecules play in T cell activation (see Springer et al., 1987), some
of these molecules have been shown

to affect T cell activation individually

(see chapter 1.3.l.f).
5.3.2.

A llorecognition

activ atio n

as

re q u ire m e n ts

of

a

tool

to

unprim ed

probe
T

the

cell

re p e rto ire

and

the

p o p u latio n s.

In the light of the described differences between CD45RA and CD45R0
T cells in the expression of molecules mediating interactions with their
en vironm ent,
requirements.

one
Indeed,

m ight

expect

there are

differen ces

several

reports

in
on

th e ir

activ atio n

differences

in

the

activation requirements of these populations in response to CD3 and CD2

mAbs (Byme et al., 1988; Matsuyama et al., 1989; Sanders et al., 1989; Byrne
e l al.,

1989).

Whereas activation via mAbs provides a useful tool for

understanding individual aspects of T cell activation, physiological T cell
activation depends on interactions with other cells, inside and outside the
immune system. Several groups have shown similar reactivity of CD45RA
and CD45R0 T cells in the allogeneic MLR. The limiting dilution experiments
(LDA)

described

in

the

previous

chapters

have

revealed

comparable

frequencies of CD4 proliferative responses to allogeneic adherent cells, as
well as CD8 cytotoxic responses to allogeneic EBV transformed B-LCL. These
results have opened the possibility

of using alloreactivity to specifically

activate naive as well as memory T cell populations in a TCR mediated, MHC
dependent

fashion.

Chapter

6

describes

a

series

of

experiments

to

address

the

requirements for alloresponses by CD45R0 and CD45RA expressing CD4 T
cells to HLA-class II products expressed by a variety of different cell types,
including

murine

L

cell

transfectants.

This

analysis

of

activation

requiremets is extended by the use of mAbs to various defined epitopes on
the CD4 molecule.
The selection of the T cell repertoire in the thymus involves the MHC
molecules expressed in this environment.

According to the clonal selection

theory (reviewed by Jeme, 1974), the resulting primary T cell repertoire is
modified in the periphery by the expansion of antigen-selected clones.

For

example, Benoist and Mathis (1989) have observed that the relative overrepresentation of a certain TCR family (VP6) was readily detectable among
mature thymocytes (of mice expressing I-E molecules in the absence of
M l s l a), but even more pronounced among peripheral T cells.
probably

reflects

the

peripheral

molecules in the periphery.

over-selection

of

This result

Vp6 T cells by I-E

The same study (Benoist and Mathis, 1989) also

demonstrated that I-E molecules had to be expressed on cortical epithelial
cells to result in an over-selection of Vp6 T cells within the thymus.

Human

cortical epithelial cells abundantly express HLA-DR as well as HLA-DQ
molecules (Ishikura et al., 1987).
the overwhelmingly

Nevertheless, HLA-DR was suggested as

dominant restriction

element in studies on the HLA

restriction of large panels of antigen specific T cell clones (Qvigstad et al.,
1984; Ottenhoff et al., 1985).

HLA-DR dominance was also seen, albeit to a

lesser extent, in allogeneic stimulation of T cells (Santoli
Reinsmoen

and

Bach,

1987).

Since most peripheral

et al.,

antigen

1986;

presenting

cells express HLA-DR at higher levels than HLA-DQ (Brooks and Moore,
1988), the apparent dominance of HLA-DR restricted T cell responses may
result

from

peripheral

the

APCs.

preferential

recruitment

It was therefore

of

-DR

restricted

of interest to compare

T

cells

by

the relative

preference of CD45R0 and CD45RA CD4 T cells for HLA-DR and -DQ products.
The initial description of CD45RA-expressing CD4 T cells as inducers
of suppression

(Morimoto et al,

1985), and the apparent involvement of

HLA-DQ products in the restriction of suppressive phenomena (reviewed by
Sasazuki et al, 1989) provided another reason to attempt such an analysis in
chapter 6.

CHAPTER 6.
ALLORESPONSES BY CD45RA AND CD45R0 CD4 T CELLS TO CLASS II
PRODUCTS ON VARIOUS CELLULAR BACKGROUNDS:

REPERTOIRE

AND ACTIVATION REQUIREMENTS.
6.1

S um m ary.
HLA-class

II

products

have

been

expressed

on

various

backgrounds by cDNA transfection or gamma interferon (y-IFN)

cellular
induction

to investigate the requirements for allogeneic stimulation of human T cells.
Transfected mouse L cells and y-IFN induced human fibroblasts were poor
stimulators for highly purified CD4 T cells.

Although responses could be

facilitated by co-transfection of human adhesion molecules, they remained
suboptimal in the absence of additional accessory cells.

In contrast, HLA-

DR and -DQ products expressed by transfection of a class II deficient human
B cell line (RJ 2.2.5) stimulated CD4 T cells in the absence of detectable
endogenous

accessory

cell

activity.

Using

these

transfectants,

the

precursor frequencies of CD4 T cells responsive to individual allogeneic
HLA-DR and -DQ products were determined.
CD45RA and CD45R0 T cells showed comparable responses to mouse L
cell

transfectants,

human

under standard conditions.

fibroblasts,

and

human

B

cell

transfectants

Compared with CD45RA T cells, responses by

the CD45R0 population were usually more robust to limiting stimulator cell
numbers, or in the presence of anti-CD4 reagents.

This may be related to

the elevated expression by CD45R0 T cells of several cell surface structures
involved

in cellular interactions.

A similar representation of responses to allogeneic HLA-DQ and DR
antigens was found among T cell populations expressing different CD45
isoforms.

This

result

is discussed

with

respect to

current

hypotheses

regarding the different immunoregulatory role of CD45RA and CD45R0 T
cells.

6.2

I n tr o d u c ti o n .
MHC products determine immune responsiveness, and the MHC genes

constitute
and

the

functionally

G erm ain,

(Hirayama,

1978),

87),

defined

and

because

immune

possibly

antigen

the

response

genes

immune

recognition

by

(Benacerraf

suppression

the

T

cell

genes
receptor

generally occurs in the context of cell surface glycoproteins encoded in
the class I and class II regions of the major histocompatibility locus (MHC,
HLA in humans) (Fink and Bevan 1978, Zinkemagel et al., 1978).
As described in chapter 1.3.9.a, HLA-class II molecules are expressed
as

heterodimers

by

some

hematopoietic

cells

their

expression

induced on cells of other lineages (reviewed by Trowsdale
Mengle-Gaw and McDevitt, 1987; Pober, 1983; Collins, 1984).

can

be

et al., 1985;
The HLA region

encodes at least three potentially functional class II heterodimers, HLA-DP,
-DQ, and -DR (Trowsdale et al., 1985; Qvigstad et al., 1984;
1985).

Ottenhoff et al.,

An interesting and still largely unresolved issue is the relative

contribution of these HLA-class II loci to immune responses by human CD4
T

cells.

The

(com plicated
occurrence

immunogenetic

by

analysis

of

the

heterogeneity

of

of linkage

disequilibrium

between

human

human

T

cell

responses

populations,

individual

HLA

and

the

loci,

see

Trowsdale et al. 1985), has been tackled by T cell cloning, blocking studies
with

HLA

antibodies,

and

panels

of

partially

m ism atched

antigen

presenting cells (APC) or HLA expression mutants (Qvigstad et al., 1984;
Ottenhoff et al., 1985; Santoli et al., 1986; Reinsmoen and Bach, 1987; Mellins
et al., 1987; Chen et al., 1987; Hirayama et al., 1987).
transfection

of

particular

cDNA

or

genomic

clones

More

has

expressing individual class II specificities (Lechler et al.,

recently,

yielded

APCs

1985; Germain

and Malissen, 1986; Wilkinson et al., 1988; Altmann et al., 1989).

Previous

studies have established the ability of HLA-DR transfected mouse L cells to
present antigen to many (but not all) relevant T cell clones in the absence
of additional accessory cells (Wilkinson et al., 1988; Altmann et al., 1989).

T

cell activation by L cells expressing low levels of transfected class II was
facilitated

by

co-transfection

of

the

accessory

adhesion molecule-1 (ICAM-1) (Altmann, 1989).
deficient human B cell line
the expression

molecule

intercellular

Transfection of the class II

RJ 2.2.5 (Accolla, 1983; Ikeda, 1988) has allowed

of individual

HLA-DR or -DQ products

background of more conventional antigen presenting cells:

on

the cellular
B cells

are

considered as APC of physiological relevance, capable to process antigen
and to engage accessory molecules on T cells (Ashwell,

1988).

In the

present study, L cell and B cell transfectants have been employed to probe
the repertoire

and the

activation

requirements

of highly

purified

human

CD4 T cells, and to determine the relative precursor frequencies of HLA-DR
and -DQ alloreactive CD4 T cells.
Since CD45RA and CD45R0 T cells express different levels of various
molecules involved in cellular interactions (Sanders et al., 1988; Buckle and
Hogg, 1990), it was of interest to study their responses to HLA-transfected L
cells (where accessory molecules are presumably limiting), and ICAM-1 cotransfectants.

As a further perspective on the activation requirements of

CD45RA

CD45R0

and

populations,

responses

to

limiting

numbers

of

stimulator cells, and effects of anti-CD4 reagents were also investigated.
HLA-DQ products have been proposed as restriction elements for the
induction of T cell suppression (Hirayama et al., 1987), a function ascribed
to the CD45RA subpopulation (Morimoto et al., 1985a).

This study compares

HLA-DR and -DQ responses by CD45RA and CD45R0 expressing CD4 T cells.
6.3

M aterials

6.3.1.

and

M onoclonal
Anti-CD4

Workshop

M ethods.
a n tib o d ie s.

reagents

on Leucocyte

were

initially

Differentiation

obtained

Antigens

through

the

(McMichael,

Third

1987)

and

subsequently donated by the following colleagues: Leu3a (IgG l) N.Wamer,
Becton

Dickinson,

Mountain

View,

CA;

MT151

(IgG2a),

P.

Rieber,

Universitat Miinchen, FRG; RFT4 (IgGl) G. Janossy, Royal Free Hospital,
London;

Okt4 (IgG2b), Okt4B (IgM), P. Rao, Ortho Diagnostics, Westwood, MA;

L83 and L190 (IgGl), D. Buck, Becton Dickinson, Mountain View, CA (Estess,
1990).

CD4 mAbs were either supplied as purified Ig or purified from

ascites

in

our

laboratory

(Protein-A ,

according to the manufacturer's

Pharm acia,

instructions).

U ppsala,

Sweden,

The resulting preparations

were adjusted to 0.1-2 mg protein per ml, dialysed and filtered (0 .2 p ).
Before use, aliquots were centrifuged

(5 minutes,

13000 rpm) in sterile

tubes to remove aggregates. Serial dilutions were prepared in tissue culture
m edium .
Other mAbs have been described in chapter 2.2.1.

6.3.2. Isolation of CD4 T cells and CD45RA and CD45RO
subpopulations.
Non-adherent PBMC (prepared as described in chapter 2.3.2.) were
incubated with saturating concentrations of mAbs UCHT4, UCHM1, L e u llb ,
and L243 on ice (and subsequently handled at ice temperature). For the
isolation of CD4 T cell subpopulations, UCHL1, HB10, or SN130 mAbs were
added to different aliquots. Cells were then subjected to panning onto petri
dishes coated with sheep anti mouse Ig (Dako, 10|ig/ml
buffer,

pH

(Cedarlane,

9.5),

and

subsequently

Ontario, Canada)

treated

with

in

bicarbonate

rabbit

complem ent

according to the manufacturer's instructions.

Live cells were obtained from the interface of a Ficoll gradient, and the
entire procedure was repeated.
6.3.3.

Cell

lines.

Murine L cells were transfected as described (Wilkinson et al., 1988;
Altmann et al., 1989) and obtained from D. Wilkinson and D. Altmann.
Transfectants

were

maintained

under

appropriate

selection

in

DMEM

(Gibco) supplemented with 10% heat inactivated FCS (Gibco) in a humidified
atmosphere of 90% air, 10% C02, as described in chapter 2.3.1.
RJ 2.2.5 cells (Accolla, 1983) were transfected with the Mulcos cDNA
expression vector by protoplast fusion using

as described (Ikeda et al.,

1988) and obtained from H. Ikeda. The constructs carried linked,
and |3 cDNAs of the relevant HLA allele,
hygromycin

B

resistance

gene.

1640 (Gibco) supplemented with

the SV40 early promoter and a

Transfectants

were

maintained

10% heat inactivated

lmg/ml hygromycin in 5% C02.

FCS

and

class

cytotoxic

transfectants
with the

II

genes

tissue

was

typing

in

RPMI

(Gibco)

and

Mock-transfected cells (containing the

vector only) were maintained under the same conditions.
transfected

multiple a

verified

(ICRF

Expression of

by

indirect

immunofluorescence

Tissue

Antigen

Laboratory).

All

were free of mycoplasma contamination on repeated testing

Genprobe kit

(Genprobe,

San Diego,

Ca).

Details

transfectants used in this study are summarised in table 6.1.

about the

Table 6.1.

Transfectants used in chapter 6.

N am e

Transfected cDNA

HLA Specificity

Cell type

pHD-RJ

Mulcos vector

Mock

RJ2.25

R /R 1H -R J

DRA/DRB 1*0101

DRIDwl

RJ2.25

R /3.2-R J

DRA/DRB 1*0401

DR4Dw4

RJ2.25

R /M A -RJ

DRA/DRB4*0101

DRw53

RJ2.25

Q/Q1H-RJ

DQA1*0101/DQB 1*0501

DQw5 (wl)

RJ2.25

Q/QW-RJ

DQA4*0101/DQB 1*0401

DQw4 (Wa)

RJ2.25

LDR2a

DRA/DRB5*0101

L cell

LDR2a-ICAM-l

DRA/DRB5*0101+ ICAM-1

DRwl5(2-Dw2)
if

6.3.4.

P rim a ry

c u ltu re

of

hum an

Fibroblast

primary

cultures

stim u la to r

were

L cell

cells.

established

from

small

tissue

fragments of foetal lung or liver (obtained in routine surgical procedures
at 14 to 19 weeks of gestation) in RPMI, 10% FCS.

Cultures were passaged

when approaching confluence by treatment with versene.

To induce class

II expression, human recombinant y lF N was added for 4-6 days (100 U/ml,
Genzyme).

Monocytoid cells were derived from precursors in foetal liver

(Toksoz and Brown, 1984) by culture in RPMI 1640, 10% FCS, supplemented
with 50 U/ml recombinant human 11-3 and GM-CSF (Genzyme).
differentiation

into monocytoid

cells

(verified

To induce

by Wright-Giemsa

staining

and microscopical examination, not shown), L cell conditioned medium was
added as a source of CSF-1 for the last week in culture before use as
stimulator cells.

6.3.5.

P r o life ra tio n

assays.

Proliferation assays were carried out (as described in chapter 2.3.4.)
in RPMI 1640 supplemented with 7.5% heat inactivated human serum.

For

mitogen responses, 5x10^ CD4 T cells were stimulated with PHA (lp g /m l),
and mitomycin-C treated accessory cells were added as indicated.

To assay

responses to the recall antigen Tetanus toxoid or to allogeneic MHC-class II
antigens, 5-8 xlO^ CD4 T cells per well were cultured with mitomycin-C
treated stimulator cells for 144 hours in flat bottom 96 well plates.

Tetanus

toxoid was used at 4pg/ml, and 3-5x10^ autologous adherent PBMC (50|ig/m l
mitomycin-C for 30 minutes at 37°C) were added per well. Allogeneic plastic
adherent

cells

transfectants
fibroblasts

(50pg/m l

mitomycin-C

for 30 minutes

at 37° C), L cell

(50jig/ml mitomycin-C for 60 minutes at 37° C), and human

or monocytoid

cells (50pg/ml mitomycin-C for 30 minutes at

37°C) were used at 3-5x10^ cells per well, and RJ 2.25 transfectants (50pg/m l
mitomycin-C for 60 minutes at 37° C) were used at 1.2x10^ cells per
unless otherwise indicated.
indomethacin

(Sigma,

well

As suggested by Geppert and Lipski (1985),

lpg/m l)

was added to cultures containing human

fibroblasts to limit prostaglandin production.
*

6.3.6.

P r o li fe ra ti o n

assays

under

limiting

dilution

conditions.

As described in chapter 2.3.5, graded numbers of responder cells
were plated

in 96 well

round bottom

mitomycin-C

treated RJ 2.2.5

microtiter plates

transfectants, or

10^ m itom ycin-C

autologous or allogeneic plastic adherent PBMC.
number,

containing

treated

At each responder cell

24 to 48 replicate wells were set up for each

stimulator

Controls consisted of sets of 12-16 wells in which each stimulator cell
and

T

cells

at

each

responder cell

number

Positive responses were scored when ^HTdR

1200

were

cultured

incorporation

cell.
type

separately.

exceeded

the

sum of the geometrical means incorporated by the two relevant sets of
control cultures (i.e. stimulator cell type and responder cell number) by
more than 3SD.
2.4.

Statistical analysis was carried out as described in chapter
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Results
6.4.1.
L

P ro life ra tio n

cells

of

expressing

Initial

hum an

T

allogeneic

experiments

with

cells

in

response

HLA-DR

p ro d u cts.

non-adherent

PBMC

to

tran sfected

confirmed

published

results that the extent of proliferation induced by transfected murine L
cells was related to the level of class II expression on the stimulator cells,
and could be enhanced by co-transfection of ICAM-1 (Altmann et al., 1989;
and

data

not

shown).

When

non-adherent PBMC

were

separated

into

CD45RA and CD45R0 populations and exposed to L cell transfectants, the
CD45R0 population responded more strongly in 6 out of 9 experiments, but
the reverse result was obtained three times (data not shown).

On the basis

of the speculation that this variability might be due to contamination of the
responder
than

populations

properties

of the

with
T

residual
cells),

highly purified CD4 T cells.

autologous

these

accessory

experiments

were

cells

(rather

repeated

with

A negative selection procedure was employed

to remove cells expressing CD8, CD14, CD16, and (high levels of) HLA-DR.
CD4 positive T cells represented a very high proportion (96 to 98%) of the
resulting

populations.

Table

6.2

shows

that

both

CD45RA

and

CD45R0

subpopulations respond strongly to allogeneic adherent PBMC.

CD4

T

cell

In contrast,

proliferation to the recall antigen Tetanus toxoid (presented by autologous
adherent PBMC) segregates with the CD45R0 phenotype as described (Smith
et

al.,

1986;

Merkenschlager

et

al.,

1988).

Both

populations

fail

to

proliferate in response to PHA, unless supplied with accessory cells (Habu
and Raff, 1977; Bekoff et al., 1985; Geppert and Lipski, 1985). This was used
as

the

functional

criterion

for

sufficient

depletion

of

endogenous

accessory cells as recently discussed by Weaver and Unanue (1990).

Table 6.2.
Proliferative responses by subpopulations of highly purified CD4 T cells.
day of
assay Stimulus

auto APC
Responder population
added______________ CD4 CD45RA______________ CD4 CD45R0

3

PHA

no

3

PHA

y es

Tet tox

no

282 +/- 160

236 +/- 66

none

yes

1,391 +/- 262

961+/-110

Tet tox

yes

2,474 +/- 71

alio APC

no

Legend to table 6.2:

146 +/- 96
88,542 +/- 5,273

61,440 +/- 3,627

18,004 +/- 1,737

82,925 +/- 979

70,456 +/- 2,916

CD4 T cells (7x10^ per well) were cultured for three

days with PHA (lpg/m l)
plastic

73 +/- 19

adherent PBMC

with or without mitomycin-C treated
(auto

APC,

autologous

3x10^ per well), or for 6 days in the

presence of Tetanus toxoid (Tet tox, 4|ig/m l),

autologous

plastic

PBMC (auto APC), or allogeneic plastic adherent PBMC (alio APC).

adherent

Responses by CD4 T cells to graded

numbers of L cell transfectants

are illustrated in figure 6.1. As a positive control, panel a shows that T cell
responses to allogeneic plastic

adherent PBMC do not require

additional

accessory cells.

Responses to untransfected murine L cells (see figure 6.1.e

for

shown

phenotype),

addition

in

panel

of autologous plastic

b,

were

only

adherent PBMC.

marginally

enhanced

by

(The magnitude of this

response varied

slightly between donors).

In contrast, L cells

expressing

HLA-DR2a (see

figure 6.1 .f for phenotype)

consistently induced

T cells to

proliferate

in

the

presence

of

autologous

accessory

cells

(panel

c).

However, responses were weak or absent when highly purified T cells were
cultured

only

with

LDR2a

transfectants.

Although

responses

were

enhanced by co-transfection of the human adhesion molecule ICAM-1 into
DR2a-expressing L cells (see figure 6.1.g for phenotype), optimal T cell
proliferation still

required

supplementary

APC (panel d).

No consistent

differences between responses by CD45R0 and CD45RA expressing CD4 T
cells were seen in these experiments.

Legend to figure 6.1

(next page):

Panel a shows responses to 5x10^

allogeneic plastic adherent PBMC (alio APC).

Where indicated, 2.5x10^

autologous adherent PBMC were added as accessory cells (auto APC).
anti-CD4 mAb Leu3a was used as purified Ig at lp-g/ml.

The

Graded numbers of

stimulator cells were employed in panels b-d (as indicated on the vertical
axis), whereas the number of autologous adherent PBMC was kept constant
( 2 .5 x l0 4 per culture, where indicated).
L cells

Stimulator cells were untransfected

(panel b), HLA-DR2a transfected

L cells

DR2a/ICAM-l co-transfected L cells (panel d).
is shown in cpm.

(panel c),

and HLA-

The incorporation of ^ H T d R

Open bars represent the CD45R0 subpopulation of CD4 T

cells, solid bars stand for CD4 T cells of CD45RA phenotype.
Panels e-g illustrate the phenotype of untransfected L cells (e), HLA-DR2a
transfectants (f), and HLA-DR2a-ICAM-l

co-transfectants (g).

stained with L243 (HLA-DRa) or 15.2 (ICAM-1).

Cells were

Figure 6.1.

Proliferation of CD4 T cell subpopulations in response to allogeneic

adherent PBMC and murine L cells expressing allogeneic HLA-DR products.
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6.4.2.

Pr ol ife ra tio n

fibroblasts

of

hu m a n

expressing

HLA-class

II

T

cells

allog en eic

and

ICAM-1

in response

H LA -D R

expression

to h um a n

products.

on

human

fibroblasts

was

induced as described (Pober et al., 1983; Collins et al., 1984; Geppert and
Lipski,

1985; Dustin et al., 1988) with human recombinant

for 4-6 days).
fibroblasts

The resulting phenotype is shown in figure

displayed

anti-ICAM-1).
expression
induce

y-IFN (100 U/ml

in

the

figure

constitutively

6.2 a (the foetal

stain

m oderately

with

Despite appreciable levels of HLA-DR as well as ICAM-1
follow ing

y-IFN

T cell proliferation

exposure,
(figure

these

2 b).

cells

consistently

In contrast,

failed

to

monocytoid cells

derived from the same specimen as the fibroblasts were extremely efficient

I T cell stimulators. This result demonstrates that the failure of fibroblasts to
induce

T

cell

proliferation

between stimulator and
These
fibroblasts
expression

is

not

not

due

to

a fortuitous

genetic

match

responder cells (figure 2 b).

experim ents
confirm

was

and

on

m urine

extend

sufficient

for

L

cell

previous
a cell

transfectants

observations

type

to

perform

and

that

human

class

accessory

II
cell

function in T cell responses to alloantigens (Singer et al., 1978; Geppert and
Lipski,
6.4.3.

1985).
Accessory

fibroblasts

for

cell
PHA

function of
responses

of

muri ne L cells

and

hu m a n

hu m a n T cells.

As shown in figure 2 c, primary cultures of monocytoid cells are
excellent accessory cells for responses of CD45R0 and CD45RA CD4 T cells to
PHA.

Untransfected or class II transfected (not shown) murine L cells and

human fibroblasts are also

effective.

These results demonstrate that class

II expression is not required for accessory cell function in PHA responses
|
I by either subset of human CD4 T cell analysed.
More importantly, they
clearly show that cells unable to stimulate T cell alloresponses may still
provide accessory signals for PHA stimulation.

Therefore, the ability of a

! given cell type to function as accessory cell depends on the nature and/or

I intensity of the stimulus provided for the T cells.

Figure 6.2.

The ability of different cell types to support responses of human CD4

T cell subpopulations to allogeneic HLA-DR products and to PHA.

IFN induced

uninduced

ICAM-1
HLA-DR
PBS
— log fluorescence

intensity

!

i

Legend to figure 6.2 a:

Panel a illustrates the phenotype of embryonic lung

fibroblasts before and after culture in y-IFN.
with L243 (HLA-DR) and 15.2 (ICAM-1).
See next page for panels b and c of figure 6.2.

Cells were analysed for reactivity

rigure o.z continued.

b
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□
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■
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0

50000

Legend to figure 6.2 b and c:
cells,

'+IFN'

indicates

that

100000

cpm

Panel b shows T cell responses to various stimulator
the

stimulator cells

were

pre-cultured

in

y -IF N -

Fibroblasts A are derived from lung tissue, fibroblasts B and monocytoid cells are
from liver (same specimen).

Exposure of murine L cells to human y-IFN serves as

a control for the effects of potential carry-over from the pre-cultures.
presents data from a different part of the same experiment.
added to all cultures.

Panel c

Here, PHA (lpg/m l) is

Stimulation indices in this example were (for CD45R0 and

CD45RA expressing CD4 T cells, respectively) 112 and 97 for monocytoid cells, 89
and 20 for murine L cells, and ranged from 18 and 6 up to 43 and 30 for human
fib ro b la sts.
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6.4.4.

P ro life ra tio n

H LA-DR

and

HLA-DQ

CD4

T

cells in

response

RJ

2.2.5

tra n s fe c ta n ts .

A panel of HLA-DR or -DQ transfectants of the Raji class II-negative
mutant cell line RJ 2.2.5 (Accolla 1983) was generated by H. Ikeda (ICRF,
London), using the Mulcos SV40 expression vector (Table

1).

Figure 3

shows FACS analysis of these transfectants with mAbs against LFA-3, ICAM1, HLA-DQ and HLA-DR. The mutant line

and the class II transfectants

express similar levels of LFA-3, ICAM-1, and

HLA-class I (not shown) as the

parental line Raji.

The three HLA-DR transfectants, R/R1H-RJ. (D R ID w l),

R/3.2-RJ (DR4Dw4) and R/MA-RJ (DRw53) stain with the DRa specific mAb,
L243.

The range of expression is considerably lower than the level of

( endogenous

i

of hum an

HLA-DR

on

the

original

transfectants (Wilkinson et al.,

Raji

line,

or

the

1988; Altmann et al.,

LDR2a

L

cell

1989). Whereas the

HLA-DR transfected cells are not stained by the pan-DQ mAb, TU22, the two
HLA-DQ transfectants, Q/Q1H-RJ (DQw5) and Q/QW-RJ. (DQw4) both stain
with Tii22.

HLA-DQ expression was confirmed by serological tissue typing

(S.G. Marsh, ICRF Tissue Antigen Laboratory).
CD4 T cells, further separated according to CD45 isoform expression,
were cultured with the panel of RJ 2.2.5 transfectants.
stim ulated
observed

marginal
with

B

proliferation
lym phoblastoid

numbers induce non-specific T
strong

proliferation

for additional

to class

accessory

cell

these
lines,

conditions
very

(as

Interestingly,
CD45RA and

occured
DR-

commonly

high stim ulator

cell responses, Wallace et al.,

II transfectants

cells.

elicited comparable responses.

under

Mock-transfectants

without

1982),

cell
but

requirement

and DQ- transfectants

CD45R0 populations showed no

t

I consistent preference for allogeneic HLA-DR- or -DQ antigens. At limiting

|

stimulator cell numbers, CD45R0 T cells tend to respond better (to HLA-DR as
well as DQ transfectants) than the CD45RA-expressing population, perhaps
giving

an

indication

results

were usually

of
seen

differential
when

activation

limiting

numbers

cells were used as stimulator cells (Figure 6.5).

requirem ents.
of allogeneic

Sim ilar
adherent

Figure 6.3.

Phenotypic characterisation of RJ 2.2.5 transfectants.

Raji

RJ2.25

R/3.2-RJ

R/R1H-RJ

HLA-DR
HLA-DQ
S

ICAM-1

No. of cells

2

LFA-3
No mAb

Log fluorescence

r / m a -RJ

HLA-DR

rw ~

"V
\

Q/QW-RJ

Q/Q1H-RJ

JV

A
\

s

Legend to figure 6.3:

A* s,
'J

HLA-DQ
-

tCAM-l

/ V

LFA-3
No mAb

——

Transfectants were analysed for reactivity with TS2/9 (LFA-

3), 15.2 (ICAM-1 (15.2), Tii22 (HLA-DQ), and L243 (HLA-DR).
varies

between

selected

clones

(not

shown),

and

staining

Autofluorescence

should

within panels against the negative controls for each transfectant.

be evaluated

Figure 6.4.

Proliferation of CD4 T cell subpopulations in response to the class II

deficient human B cell line RJ 2.2.5 transfected with HLA-DR and -DQ products.
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CD45R0 and CD45RA subpopulations were cultured with

graded numbers of RJ 2.2.5 transfectants.
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Legend to figure 6.4:

□

Panel a and b show results for two

different donors as examples for the spectrum of responses observed.

200000

Figure 6.5.

Alloresponses by CD45RA and CD45R0 subpopulations of CD4 T cells to

graded numbers of allogeneic plastic adherent cells.

□

T cells
alone

CD45R0
CD45RA
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Legend to figure 6.5:

cpm

5 x 10^ CD45RA or CD45R0 CD4 T cells per well were cultured

with the indicated numbers of allogeneic plastic adherent cells for 6 days in flat
bottom 96 well plates.

6.4.5. Inhibition
cells

w ith

of alloresponses

anti-C D 4

by CD45RA

and

CD45R0

CD4 T

re a g e n ts.

Antibodies against defined epitopes in the four extracellular domains
of the

CD4

molecule

were

employed

to

further

define

the

activation

requirements of CD45RA and CD45R0 populations of CD4 T cells (see table 6.3
for

a

characterisation

of

the

anti-CD4

reagents

employed).

T

cell

populations were cultured with allogeneic stimulator cells in the presence
of various concentrations of CD4 antibodies.
shown in figure 6.6.
by donors 1 and 2.

Two different response patterns emerged, represented
CD45RA T cells from donor 1 are more strongly inhibited

by CD4 antibodies than CD45R0 populations.
derived from
observation

Results for two donors are

In contrast, both populations

donor 2 appear equally sensitive to CD4 blocking.

was

reproducible,

whereas more

subtle

differences

This

were not

(e.g. a particular sensitivity of CD45RA T cells from donor 1 to Nuthl and
MT151 was apparent in experiment 1, but not in experiment 2).

T cells from

a third donor gave results much like donor 1 (not shown).

Legend to figure 6.6 (next page):

5 x 104 CD45RA or CD45R0 CD4 T cells per

well were added to serial dilutions of CD4 antibodies (purified Ig) in round
bottom 96 well plates.

2 x 104 plastic adherent cells per well served as

stimulator cells over the 6 day culture period.

Thymidine incorporation in

the absence of anti-CD4 reagents was defined as 100%:
donor 1,

experiment 1:

CD45RA, 61,208+/-4,443 cpm; CD45R0, 72,172+/- 4,324 cpm;

donor 1,

experiment 2:

CD45RA, 37,258+/-4,218 cpm; CD45R0, 46,679+/-4,456 cpm;

donor 2,

experiment 1:

CD45RA, 40,035+/-5,539 cpm; CD45R0, 54,120+/-9,641 cpm;

donor 2,

experiment 2:

CD45RA, 29,276+7-4,556 cpm; CD45R0, 59,672+7-7,676 cpm.
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Figure 6.6.

Sensitivity of alloresponses by CD45RA and CD45R0 subpopulations of

CD4 T cells to blocking with anti-CD4 reagents against defined epitopes throughout
the four extracellular domains of CD4 (compare table 6.3).
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□

CD4CD45RA

CD4CD45R0
CD4 CD45RA

MT151

MT151

0kt4B

%

of co n tro l r e s p o n s e

donor

100

1 e x p e rim e n t
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2

Table 6.3.

Epitope mapping of mAbs to CD4, effects on T cell activation, gpl20-

and HLA class II binding.

mAb

% inhibition*of
alloMLR (ref.m l

g p!20 blocking
ref.m
(D u b lish e d )

com petes with

in te rfe re s w ith
c lass-II b inding

c ritic a l
CD4 residues

yes (g,i,j,k)

42,43 (a); 39-49 (b);
25-83 (c)

G roup 1, CD4 mAbs that map to the first N-terminal domain
Leu3a

80.5+/-7.2

105.7

(yes, a.c)

MT310, Okt4D (a);
L77, L93 (c)

T4 9TH

n.d.

n .d .

(yes, a)

N u th l, MT151 (a)

2 7,43,55 (a)

N uthl

n.d.

n .d .

(yes, a)

Leu3a, T4 9TH, MT151(a)

43 (a)

RFT4

70.2+/-13.1

96.7

(yes, a)

Okt4D, Okt4C (a)

27,34,55 (a)

Group 2, CD4 mAbs that recognise epitopes involving the first as well as other domains of CD4
MT151

79.3+/-14.7

98.4

(yes, a)

L83

82.3+/-9.3

0.1

(no, c)

Okt4C, Okt4D, N uthl,
T4 9TH (a)

94,96 (a); 94.165(b);
37-131 -17 7 (d); 164(c)
25-83, 120-202 (c)
139-168 (f)

Group 3, CD4 mAbs that map outside the first domain
yes

Okt4B

80+/-16.1

n .d .

(no, g)

L190

62.4+/-14.0

n .d .

(no, c)

L e u 3 b (c )

Okt4

49.0+/-0.1

13.0

(no, a,c,g)

Leu3b, L I0 4 (c)

Legend to table 6.3:
1986 and 1989;
unpublished;
1988;

(g,h)

y e s (g,i), no (k)

Previous studies are referenced as follows:

b, Peterson and Seed, 1988;

d, Landau et al., 1988;

g, Lamarre et al., 1989a;

165(b); 1 0 5 -1 3 1(d); 164(e)

1 2 0 -2 0 2 (c)

a, Sattentau et al.,

c, Estess et al., 1990; and D. Buck,

e, Mizukami et al., 1988;

f, Jameson et al.,

h, Gay et al., 1987; i, Sleckman et al., 1987;

j,

Sleckman et al., 1988; k Doyle and Strominger, 1987 and Doyle et al., 1989; 1, Q. J.
Sattentau, unpublished data; m, M.M. et al., Functional epitope analysis of the
human CD4 molecule, submitted.
of italics in the table.

Weak or partial effects are indicated by the use
* at the lowest saturating concentration.
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6.4.6.
DR

C lonal

and

analysis

-DQ

of

pro d u cts

CD4

by

T

cell

lim iting

responses

to

allogeneic

HLA-

dilution.

The substantial T cell stimulation by RJ 2.2.5 transfectants could be
due to a high frequency of responding T cells (as seen in conventional
alloresponses, Ryser and MacDonald,

1979; Merkenschlager et al.,

1988).

Alternatively, responses initiated by few T cells might be amplified nonspecifically
Lim iting

(e.g.

dilution

possibilities.
allogeneic

via adhesion
analysis

CD4

T

proliferative

activity

was

cells

APC or Raji

molecules
employed

were
from

to

titrated

transfectants,

resulting

expressed

by the transfectants).

distinguish

into

replicate

and cultures

the

between

activation

these

cultures

with

were

scored

for the

of at

least

a single

precursor (Lefkowitz and Waldman, 1979; Ryser and MacDonald, 1979).

As

summarised in table 6.4, CD4 T cells responded with frequencies from as
high as 1/641 (DR1 transfectant, experiment 1) to less than 1/5x10^ (m o c k
transfectants

in both

experiments).

The

average

frequency

of T cell

responses to HLA-DR was higher than to HLA-DQ, but only by a factor of 1.6
(table 3). Figure 6.7 provides
table 6.4.

a graphic

representation of experiment

1,

The detected responder cell frequencies range between the high

frequencies observed for responses to complete allogeneic haplotypes, and
the lower, but still readily detectable frequencies determined for memory
responses to recall antigens under similar conditions (see chapter 3).
results

are

cooperativity

consistent
(e.g.

with

a shift

single
of the

hit

kinetics,

calculated

and

show

regression

no

lines

signs
along

The
of
the

horizontal axis or other distortions in figure 6.7) in the CD4 T cell response
to Raji transfectants, suggesting a direct interaction between these two cell
ty p es.

Table 6.4.

Limiting dilution analysis of proliferative responses to RJ 2.2.5

HLA-class II transfectants by CD4 T cells.

Experiment 1

stimulator

expressed HLA

responder cell

no. of

c e lls

s p e c ific ity

no.s analysed

levels

alio APC

(whole haplotype)

pHD-RJ

none

1/frequency

X2

(+/- 1 SD)

156-625

3

187 +/- 13

156-5000

6

> 5xl04

4.6

0.20

-

-

R/R1H-RJ

DRIDwl

156-1250

4

641 +/- 82

5.5

0.14

R/3.2-RJ

DR4Dw4

156-5000

6

2047 +/- 323

10.0

0.08

R/MA-RJ

DRw53

156-5000

6

2342 +/- 382

4.1

0.53

Q/Q1H-RJ

DQw5 (wl)

156-5000

6

4854 +/- 906

2.4

0.78

Q/QW-RJ

DQw4 (Wa)

156-5000

6

2188 +/- 338

2.3

0.81

Experiment 2
m
o
A

pHD-RJ

none

156-5000

6

R/R1H-RJ

DRIDwl

156-2500

5

1698 +/- 272

2.2

0.69

R/3.2-RJ

DR4Dw4

256-5000

5

1620 +/- 259

2.9

0.51

R/MA-RJ

DRw53

1250-5000

3

6523 +/- 1441

2.3

0.32

Q/Q1H-RJ

DQw5 (wl)

6 5 0 -5 0 0 0

4

5319 +/- 1018

2.4

0.50

Q/QW-RJ

DQw4 (Wa)

156-5000

6

3003 +/- 631

1.6

0.80

Legend to

figure 6.7

(next page):

experiment

1, table

6.4 (see text for explanation).

marked by

asterisks.

The shaded areas represent

regression

line

andconfidence

limit

The figure is a graphic

is

shown

-

-

representation

Individual data points
95% confidence limits.

for m ock-transfectants,

the response was not consistent with single hit kinetics (see table 6.4).

of
are
No

because
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Figure 6.7.

Limiting dilution analysis o f CD4 T cell responses to RJ 2.2.5

tra n sfecta n ts.
% of

n on -resp o n d in g

c u ltu res

cn
— ro
cn

_

to

cn
o

ro

_ cn
o
o

O

33

*I

cn >

o

3)

T) —
CJ

n
?

CJ
3

in
a>

o
o
3

in

N)
•
33
c_

134

6.4 D i s c u s s i o n
A lloreactivity,
versus-host

disease,

manifested
represents

clinically
the

as

graft

cross-reactive

rejection

recognition

or

graft-

of non-self

MHC products by a TCR which is specific for self-MHC plus antigenic
peptide (Ashwell et al., 1986; Matis et al., 1987; Lechler et al., 1990).
specificities, self+x
single a p
suggests

and

alio, have been transfered by transfection of a

heterodimeric TCR
that

Both

MHC-bound

(Malissen et al., 1988),

peptides

contribute

to

and current evidence
T

cell

allorecognition

(Heath et al., 1989; Lechler et al., 1990), supporting Matzinger and Bevan's
(1977) classical

explanation

for the high

frequency

cross-react to allogeneic MHC molecules:
which may

resemble complexes

with

which T cells

Multiple determinants (some of

between nominal

antigen

and self-MHC)

are generated by allogeneic MHC molecules in combination with non-MHC
s tru c tu re s .
In early reports, HLA-class I transfected L cells were sufficient for
stimulation of some alloreactive T cell clones (Cowan et al, 1985), but not
others (Barbosa et al, 1984), depending on the fine specificity of the clones,
and possibly

their sensitivity

to

the

cellular background

on

allogeneic MHC molecules were expressed (Bernhard et al., 1987).
HLA-class

II

transfectants

used

in

this

chapter

have

which

the

The L cell

previously

shown to stimulate MLR-like responses in PBMC (Altmann et al.,

been
1989).

These experiments were done in the presence of responder-derived class
II-positive

accessory

cells,

but

transfected class II molecule.

were

nevertheless

dependent on

the

Under conditions of low class II expression,

allogeneic recognition (by primary and in vitro propagated T cells) could
be restored by co-transfection
et al., 1989).

of the accessory molecule ICAM-1 (Altmann

The present study demonstrates that HLA-class II transfected L

cells are not sufficient to stimulate alloresponses when CD4 T cells are
stringently depleted of accessory cells.

Co-transfection of ICAM-1 partially

restored the response, but T cell proliferation was still suboptimal unless
accessory cells were added back to the cultures.
In contrast to HLA-class II expressing L cells, RJ 2.2.5
transfectants

stimulate

allogeneic

Limiting dilution experiments
transfected
expected

responses

in

highly

show that CD4 T cells

purified

individual

MHC

products

(Ryser

and

T

cells.

respond to class II

(but not to mock-transfected) RJ 2.2.5 cells with
for

B cell

frequencies

MacDonald,

1979;

M erkenschlager et al.,

1988).

There

is

no indication

that

cooperation

between more than two cell types (i.e. transfectant and CD4 T cell) is
required to initiate proliferation of single T cells in this system.
The
functional

relative

levels

of

difference between

class II

L cell

expression

do

not

explain

and B cell transfectants:

the

B cell

transfectants were stimulatory for highly purified T cells even when they
expressed only moderate levels of the transfected class II products.

Known

human accessory molecules can probably not fully account for this ability
of human B cells, because human fibroblasts,

induced

(with y-IFN)

to

express high levels of HLA-class II and ICAM-1, were unable to stimulate
allogeneic responses.

It

may be argued that the poor T cell response to L

cell transfectants is due to the lack of species- or cell-type specific peptides
(located in

the grooveof the HLA molecule), since peptide effects have

been demonstrated in allogeneic recognition of MHC-class I and -class II
molecules (Heath et al., 1989; reviewed by Lechler et al., 1990).
clones

and

hybridomas

with

homogeneous

specificity

are

While T cell
likely

to

be

affected by the lack of a specific determinant, the polyclonal populations
used

in

this

study

have

allogeneic determinants.

not been

selected

by priming

with

particular

The human serum (and the T cells themselves)

are potential sources of human proteins in these experiments, and the L
cells employed can process complex antigens to derive antigenic peptides
for stimulation of antigen-specific T cells (Wilkinson et al., 1988).
results with y-IFN
hum an-specific
chain

are

induced

peptides,

sufficient

fibroblasts,

class

epitopes

the

fibroblasts
human

induce

demonstrate

(class

allogeneic

expression

Collins et al., 1984).
stimulatory

nor

to

II

human

T

II

associated)

cell

is co-regulated

that

with

The
neither

invariant

responses

(human

invariant

chain,

That class II transfected L cells are able to generate
is revealed

by adding

autologous

accessory

cells,

which by themselves (or in the presence of untransfected L cells) do not
induce extensive T cell proliferation. Furthermore, it seems unlikely that
accessory cells simply serves to process and re-present transfected class II
m olecules,

because

in

L

cell

transfectants

expressing

D R a /D Q jJ

heterodimers, the mixed pairs behave as novel alloantigens, not as the sum
of

potential

HLA-DR

and

HLA-DQ

peptides

(D.

Altmann,

personal

c o m m u n ic atio n ).
In conclusion, the capacity to stimulate alloresponses by purified T
cells is not a simple function of class II density, expression of known
accessory

molecules,

invariant

chain,

ability

to

process

antigens,

or

availability of human peptides.
accessory

molecules

im m unogenic
encounters

and

It is tempting to speculate that additional

or cytokines

may determine

tolerogenic

stim ulation,

with allogeneic

the difference

and

that

between

unproductive

class II determinants on L cells

or induced

fibroblasts might affect subsequent T cell responses, as suggested by the
work of Schwartz and colleagues for murine T jjl type T cell clones (Mueller
et al., 1989).
Interestingly, the same L cells and human fibroblasts which failed to
stimulate T cell alloresponses were nevertheless efficient as accessory cells
for T cell responses to mitogenic lectins.

This observation implies that the

ability to provide additional signals for T cell activation (see Weaver and
Unanue, 1990 for a recent review) is relative, rather than absolute, and
may depend on the nature or the intensity of the stimuli applied.
T cell
CD45R0 (Smith
several

memory

formation

is

accompanied by the

acquisition

of

et al., 1986; chapters 3 and 4), and the elevated expression of

m olecules

involved

in

interactions, and lymphocyte homing.

cell-cell

in teractio n s,

cell-m atrix

Examples are LFA-1 (CD 11 a/CD 18),

CD2, LFA-3 (CD58), Pgp-1 (CD44), 4B4 (CD29) (Sanders et al., 1988) and ICAM1 (CD54) (Buckle and Hogg, 1990).
T

cells

show

population.

less

stringent

As a result, one might expect that CD45R0

activation

requirements

than

the

reciprocal

While this appears to be the case for direct stimulation by anti-

CD3 reagents (Byrne et al., 1988; Sanders et al., 1989), contradictory results
have been reported for activation via CD2 (Matsuyama et al., 1989; Sanders
et al., 1989; Byrne et al., 1989).
CD45R0 T cells is observed
Tedder et al.,

However, equal reactivity of CD45RA and

in the allogeneic MLR (Morimoto et al., 1985a;

1985), and limiting dilution experiments detect comparable

frequencies

of proliferative

as

well

populations

(Merkenschlager

et

al.,

1989).

agreement with these functional data, both populations form

In

as cytotoxic
1988;

alloresponses

Merkenschlager

and

in

both

Beverley,

clusters with dendritic cells (Vakkila, 1989), a major stimulator cell type in
the MLR (Inaba and Steinman, 1984).

Although

a

relatively

consistent

advantage of CD45R0 cells was observed in response to limiting stimulator
cell

numbers,

experim ents

with

various

cell

types

under

standard

conditions showed similar responsiveness of CD45R0 and CD45RA CD4 T cells.
This was observed even when murine L cells were employed as stimulator
cells, and interactions with human accessory
limiting.

molecules

were presumably

Equally surprising was that co-transfection of L cells with ICAM-

1 did not apparently confer a selective advantage to CD45R0 T cells, which

express

elevated

levels

(Makgoba et al.,
accessory

1987;

molecules

lym phokines

of LFA-1,

or

Sanders

into

L

the

et al.,

cell

ex tracelluler

adhesion

partner

1988).

Transfection

based

m atrix,

transfectants
may

help

for

and

to

ICAM-1

of further
addition

further

of

define

costimulatory signals for the activation of naive and memory T cells.
The differential

expression

of ligands

for cellular

interactions

by

CD45RA and CD45R0 T cells may not always favour the activation of CD45R0
cells:

Groux et al. (1989) have demonstrated that engagement of the CD29

antigen can induce a rise in cAMP levels in T cells, leading to their
in a c tiv a tio n .
Homing-

and

adhesion-molecules

control

the

migratory

of T cells (see Jalkanen et al., 1986; and Stoolman,

behaviour

1989, for reviews).

Interestingly, different recirculation patterns of T cells in sheep appear to
be

related

to

preferentially

CD45

isoform

circulate

expression:

between

blood

Whereas

and

CD45RA

lymphnodes,

the

T

cells

reciprocal

population in addition migrates through peripheral tissues (Mackay et al.,
1990).

Human

CD45RA

and

CD45R0

T

cells

occupy

different

microenvironments in lymphoid tissues (Smith et al., 1986; Pulido et al.,
1989; Janossy

et al., 1989).

CD45R0T cells

accumulate in inflammatory

lesions (Pitzalis et al., 1988), and this phenomenon may be related to their
preferential adhesion to vascular endothelium (Pitzalis et al.,

1988; Damle

and v. Doyle,

1990), and their ability to enhance endothelial permeability

(Damle and v.

Doyle, 1990).

different

locations,

accessory

cell

they

If CD45RA
w ill

and

encounter

types, and it may be

in this

CD45R0 T cells migrate to
different

antigens

sense that the

and/or

differential

expression of adhesion molecules by T lymphocytes most profoundly affects
their

activation.
As discussed in chapter 1, CD4 T cells preferentially use MHC-class II

molecules as restriction elements (Swain, 1983; v. Boehmer et al., 1989b).
This preference is established during the selection of the T cell repertoire
in

the

thymus

(von

Boehmer

et

al.,

1989a),

and

enforced

by

the

contributions of CD4 to the class II dependent activation of peripheral CD4 T
cells.

The extracellular part of CD4 binds class II molecules (Doyle and

Strominger, 1987; Doyle et al., 1989; Lamarre et al., 1989 a and b; Clayton et
al., 1989), and the cytoplasmic domain associates with p561ck (Veillette et
al., 1988; Rudd et al., 1988).
autophosphorylation

of

p561ck

Crosslinking of CD4 (extracellular) causes
(cytoplasm ic)

and,

facilitated

by

the

transient physical association between CD4 and TCR/CD3 in activated T cells
(Saizawa et
chain

al., 1987; Kupfer et al.„ 1987), phosphorylation of the CD3 £

by p561ck (Veillette et al., 1989).

been

grouped

into

4 domains

im m unoglobulin (variable)

The extracellular part of CD4 has

on

domains

the

basis

(Littm an,

of

homology

1987).

with

Following

the

discovery that CD4 acts as a cellular receptor for Human Immunodeficiency
Viruses (HIV-1 and HIV-2) (Dalgleish et al., 1984), much progress has been
made

in

defining

the

binding

sites

for the

HIV

envelope

glycoprotein

gpl20 (Lamarre et al., 1989 a and b; Clayton et al., 1989; Peterson and Seed,
1988; Mizukami et al., 1988; Landau et al., 1988; Sattentau et al., 1989),
various mAbs (Peterson and Seed, 1988; Mizukami et al., 1988; Landau et al.,
1988; Sattentau et al., 1989; Estess et al., 1990), and HLA-class II molecules
(Doyle et al., 1989; Lamarre et al., 1989 a and b; Clayton et al., 1989) on CD4.
Takeuchi et al (1987b) showed with three antibodies to (at the time)
unidentified epitopes on CD4 that CD45RA ('suppressor inducer') CD4 T cells
were

more

susceptible to

population.

anti-CD4

inhibition

than

the

reciprocal

It was of interest to test the susceptibility of both T cell

populations to inhibition with a larger panel of CD4 antibodies to defined
epitopes

on

CD4,

to

delineate

possible

differences

in

the

way

CD4

participates in class II dependent responses by CD45RA and CD45R0 T cells.
In two of three donors, alloresponses by CD45R0 cells were relatively robust
to

anti-CD4

blocking,

whereas

the

CD45RA

population

was

strongly

inhibited by all CD4 reagents tested, regardless of the CD4 epitope involved.
A third donor repeatedly showed equally strong inhibition of both T cell
populations.
the

In the context of results presented earlier in this thesis,

study

by

Takeuchi et

al.

(1987b),

these

observations

and

indicate

a

difference in the activation requirements of naive and memory T cells.
Previous results on the effects of CD8 antibodies on murine CTL had
indicated

that

inhibition

unprimed

than

memory

T

cells

T

were

cells

more

susceptible

generated

by

to

anti-CD8

intentional

prim ing

(MacDonald et al., 1982; Budd et al, 1987a).

This was thought to result from

the

high

preferential

selection

of

clones

with

affinity

during

priming

with antigen (MacDonald et al., 1982; Budd et al, 1987a), as predicted by the
clonal selection theory (reviewed by Jeme,
1986).
here

1974; Melchers and Eichmann,

However, the T cell populations used in the experiments presented
have

determinants,

not
and

been
the

selected

by

priming

observed

alloreactivity

with

particular

presumably

allogeneic

resulted

from

fortuitous crossreactivity (Matzinger and Bevan, 1977; Ashwell et al., 1986;

Matis et al., 1987; Lechler et al., 1990).

Therefore, it seems reasonable to

propose that differential activation requirements of CD45RA

and CD45R0

contribute

T cells

to

the unequal

sensitivity

of naive

inhibition by anti-CD4 or anti-CD8 reagents.

and memory

to

The biochemical basis for this

phenomenon is not known, but effects of CD45 phosphatase activity on the
phosphorylation

of a regulatory

tyrosine

residue

in the

CD4

associated

kinase p561ck have been demonstrated (Mustelin et al., 1989).

Although

phosphatase activity has been shown for different CD45 isoforms in vitro
(Ostergaard, 1989), the extracellular domain can be envisaged to engage in
different interactions in vivo, thereby directing the enzymatic

activity to

different

A general

regions

at the inner face of the cell

mechanism like this
related

would be consistent

membrane.

with the observation thatepitope-

effects of anti-CD4 reagents do not detectably contribute to the

differential sensitivity of CD45RA and CD45R0 T cell populations.
A comparison of the results shown in figure 6.6 and the localisation
of the

epitopes

recognised

by

the various

anti-CD4

their ability to block gpl20 and/or class II binding,

reagents

(including

table 6.3) may suggest

that antibodies that bind outside the first N-terminal CD4 domain are less
potent inhibitors of

class II dependent T cell activation.

Such

epitope-

related differences have also been found in earlier studies, when blocking
of T cell functions by various reagents was compared on the basis of the Igconcentrations employed (Biddison et al., 1982, 1983).
antibodies

were

compared

achieved

(rather

then

differences

appeared

according

the

much

to

nom inal

smaller,

and

the

degree

antibody
no

However, when CD4
CD4

saturation

concentrations),

correlation

location and inhibitory potential was apparent (table 6.3.,
su b m itted ).

of

between

these
epitope

and M.M. et al,

Early studies on the relative utilisation of HLA-DP, -DQ and -DR for
the presentation of nominal antigen to T cells have suggested HLA-DR as
the overwhelmingly
O ttenhoff

et

al.,

dominant
1985),

restriction

although

element (Qvigstad

this

conclusion

has

et

al.,

1984;

recently

been

questioned by mutational analysis (Mellins et al., 1987; Chen et al., 1987).
HLA-DR dominance was also seen, albeit to a lesser extent, in allogeneic
stimulation of T cells (Santoli et al., 1986; Reinsmoen and Bach, 1987).

Using

transfected human RJ 2.2.5 cells, it has now been possible to determine
precursor

frequencies

products.

for

recognition

of

individual

HLA-DR

or

-DQ

The average frequency of CD4 T cell alloresponses to HLA-DR was

higher than to HLA-DQ, but only by a factor of 1.6.
Both, CD45R0 and CD45RA T cells, respond to allogeneic HLA-DR as
well as -DQ products.

This finding should be evaluated in the light of the

hypotheses that CD45RA CD4 T cells mediate suppressor-inducer function
(Morimoto et al., 1985a), and that cells which mediate this function are
restricted via HLA-DQ (Hirayama et al., 1987).

The observation that HLA-DR

and -DQ directed T cells are found equally in both CD45RA and CD45RO
subsets argues against a strict interpretation along these lines.
demonstration that CD45RA T cells undergo

a phenotype

The recent

transition

and

acquire CD45R0 after stimulation in vitro (Moore and Nesbitt, 1986; Terry et
al., 1987; Serra et al.,

1988; Akbar et al., 1988) and the segregation of

memory T cell responses with the CD45R0 phenotype (Tedder et al., 1985;
Smith et al., 1986; Beverley, 1987; Sanders et al., 1988; Merkenschlager et al.,
1988,

M erkenschlager and

Beverley,

1989)

both

support

the

view

that

CD45RA and CD45R0 expressing T cells represent consecutive stages in postthymic T cell maturation.

In this

scenario,

any striking preference of

either population for for the use of HLA products from a particular locus
might

not

be

expected.

However,

since

most

antigen-presenting

cells

express DR at higher levels than DQ (or DP) (Brooks and Moore, 1988), an
over-representation of DR restricted memory T cells could result.

Data

presented

may

here

suggest

that

some

preference

for

DR-recognition

already be established among pre-immune T cells, possibly as a result of
repertoire selection in the thymus.
antigen

responses

would

be

of

An extension of this study to nominal
interest,

although

problematic

for

the

CD45RA population, where recall antigen responsive cells occur at very low
frequencies (Merkenschlager et al.,

1988).

The description of mAbs specific for families of TCRs that utilise
related TCR gene segments (e.g. Staerz et al., 1985) has facilitated studies
correlating TCR receptor gene usage and TCR specificity (e.g. Kappler et al.,
1987).

More recently, the specificity of similar reagents for human TCR

families

has

therein).

been established

(see

Kappler et

al.,

1989

and

references

The representation of these families among peripheral T cells

shows considerable variation even in outbred mice (Pullen et al., 1989) and
in humans (Kappler et al., 1989).

Benoist and Mathis (1989) have observed

that the relative over-representation of a certain TCR family (Vp6) was
readily detectable in mature thymocytes, but even more pronounced among
peripheral T cells.

This result may reflect the over-selection of T cells by

MHC molecules expressed on peripheral APCs during T cell priming, and a
future study to correlate the expression of memory T cell markers and the
usage of certain TCR families might be feasible.

CHAPTER 7
CHANGES IN CD45 ISOFORM ISOFORM EXPRESSION PRECEDE THE
ACTIVATION-DRIVEN DEATH OF HUMAN THYMOCYTES BY
A POPTOSIS.
7.1

S u m m ary .
Antigen-driven

reactive

specificities

death
from

of murine
the

T cell

thymocytes
repertoire

serves

to

delete

self

al.,

1987;

(Kappler et

MacDonald et al., 1988; von Boehmer et al., 1989a).

Exogenous antigens

(White et al., 1989; Jenkinson et al., 1989) and antibodies to the T cell
receptor (Finkel et al., 1989) (TCR) or associated CD3-complex (Smith et al.,
1989) mimic this process, inducing an endogenous suicide pathway termed
apoptosis
human

(Willey

thymocytes

et al., 1984). The experiments presented here show
in

chimeric organ

culture

undergo

analogous

when exposed to antibodies to CD3, or selected CD2 reagents.
induced

death

is

preceded

by

a

characteristic

that

events

Activation-

phenotypic

change;

thymocytes that bear CD45RA (determinants associated with high molecular
mass isoforms of

the leucocyte common antigen family, CD45) are

first

induced to co-express CD45R0 (the low molecular mass isoform of CD45), and
subsequently loose CD45RA expression.
by cellular DNA

This antigenic change is followed

fragmentation, characteristic of apoptosis (Willey et

1984; Smith et al., 1989; Jenkinson et al., 1989).

Therefore, engagement

al.,
of

CD3 as well as CD2 can recruit human CD45RA thymocytes into the CD45R0
population,

where

cell

death

occurs.

This

phenotype

conversion

suggested as a marker for thymocytes destined for programmed cell death.

is

7.2

Introduction.
Thymocytes, as well

as peripheral T cells,

are heterogenious with

respect to CD45 isoform expression. Most human thymocytes express CD45R0
(Smith et al., 1986; Pulido et al., 1988; Janossy et al., 1989), as detected by the
mAb UCHL1
selectively

(Smith et al.,

expressed

by

1986).

minor,

High molecular mass isoforms

but

functionally

important,

are

thymocyte

populations, including early intrathymic T cell precursors in rodents (Law
et al., 1989; Goff et al., 1990), and a clonogenic subset of human thymocytes
(Pilarski et al., 1989).

The permanent acquisition of CD45R0, followed by

loss of CD45RA, accompanies the activation of human peripheral T cells in
vitro

(Akbar et al., 1988;

Serra et al., 1988) as well as T cell

memory

formation in vivo (Tedder et al., 1985; Merkenschlager et al., 1988).
To clarify the fate and interrelationships of thymocytes expressing
different
investigate

CD45
the

isoform s,
effects

of

the

experiments

activation

(via

thymocytes developing in organ cultures.

described
CD3

in

and CD2)

this

chapter

on

human

In culture system developed by

A. G. Fisher, murine foetal thymus lobes are first depleted of endogenous
lymphoid

cells

Jenkinson

et

al.,

by

treatm ent

1982).

The

with

deoxyguanosine

remaining

thymic

(dGuo,

rudiments

reference

support

the

survival, expansion, and maturation of human foetal thymocytes, provided
human stromal elements are also supplied (Fisher et al., 1990a).

7.3

M aterials

7.3.1

M urin e

and

methods.

foetal

thymus

lobes

and

human

foetal

thymus

tissue.
Thymic organ cultures were established as described (Fisher et al.,
1990a). Thymus lobes were removed from the embryos of BALB/c mice at
the fourteenth day of gestation, treated with 1.35 mM deoxyguanosine for 56 days, and washed extensively

before use.

Human thymus tissue was

supplied from routine surgical procedures at 14 to 19 weeks of gestation.
Single cell suspensions were prepared by gently teasing the tissue with
cataract

knifes.

p o p u la tio n s ,

For
10^

experim ents

thym ocytes

on

were

CD45RA-enriched
incubated

with

a

thym ocyte
saturating

concentration of UCHL1 (IgG2a) for 1 hour on ice, washed, and incubated
with rabbit complement.
and

aliquots

were

immunofluorescence
7.3.2

Thymic

Viable cells were recovered on a Ficoll gradient,
analysed

staining

organ

for

with

CD45RA

expression

by

direct

Leul8-FITC.

culture.

Thymocytes were introduced into dGuo-treated murine thymus lobes
in hanging drops.

Murine thymic

rudiments

and human thymocytes (1-

2x10^ unless otherwise indicated) were added to the wells of Terasaki plates
in a total volume of 25-30 p i of IMDM,
subsequently called day -2 (minus 2).

10% FCS.

This timepoint is

Each experiment contained control

cultures which were not seeded with thymocytes.

The plates were inverted

and kept in a humidified atmosphere in 5% CO2 . After 48 hours, unbound
thymocytes

were removed

by

washing.

Subsequently,

the

lobes

were

transferred to Nucleopore filters (0.8pm) floated on IMDM, 10% FCS at 37°C.
Antibodies were added at this time (day 0).
3 7°C

in a humidified

Thymocytes

were

Cultures were maintained

atmosphere in 5% CO 2 for

recovered

by

teasing

individual

the

indicated

lobes

with

at

times.
cataract

knifes, and viable cells from each lobe were counted in haemocytometers
under phase

contrast.

145

7.3.3

anti-C D 2

and

anti-C D 3

reagents.

The CD3 mAb UCHT1 (Beverley and Callard 1981; Bums et al., 1982)
was used as sterile culture supernatant at a final concentration of 20% (the
different batches used gave saturating staining on peripheral T cells at
1/32 to 1/64, not shown) or as purified Ig at 2pg/ml.
The CD2 mAbs T11.2
and T11.3 (reference Meuer et al., 1984; a gift of Dr. S.F. Schlossman) were
used as ascites at a final dilution of 1/100.
or as purified Ig (lOpg/ml).

OKT11 was used as ascites (1/100)

D66.1 (Bernard et al., 1986), the gift of Dr. A.

Bernard, 9.1 and 9.6 (June et al., 1986), both gifts from Dr. J.A. Hansen, were
used as ascites (1/250).
staining

with

m arginally
respective

a FITC

enhanced
mAbs

in

These concentrations were saturating in situ, as
conjugated

by
vitro

anti mouse

preincubation
(not

of

shown).

All

reagent
recovered

not or only

cells

with

the

preparations

(except

culture supernatants) were dialysed and filtered (0.2p) immediately

before

use.

No mAbs were added to control cultures.

7.3.4

Im m unofluorescence

stain in g

Direct immunofluorescence
chapter 2.5.

and

staining was

mAb

was

FACS an aly sis.
carried out as described in

Cells were incubated with UCHL1-PE (CD45R0, supplied by

Becton Dickinson, Mountain View, Ca) or Leu3a-PE (CD4, Becton Dickinson),
and either Leul8-FITC (CD45RA, Becton Dickinson), Leu4-FITC (CD3, Becton
Dickinson), or Leu2a-FITC (CD8, Becton Dickinson) in the presence of 0.1%
normal mouse serum for 1 hour.
described

in chapter 2.5.

After washing, analysis was performed as

Between 5-10x10^

sample depending on the availability of cells.

events were collected per

7.4
7.4.1

R esu lts .
E x p ansion

thym ocytes

in

and

CD45

ch im eric

isoform

o rg a n

ex p ressio n

c u ltu re s:

of

effects

h u m an

of

CD3

an d

CD2

e n g a g e m e n t.
As described in figure 7.1, human foetal thymocytes (14-19 weeks of
gestation)

w ere

introduced

rudiments by co-culture
were transfered to
saturating

into

dGuo

in hanging

drops,

conventional thymic

concentrations

PBMC; Bums et al.,

of

UCHT1

from

proportion

determ ined

at

summarises

the

panel

a,

and

at

cell

the

various

results

analysed,

selectively

of

num bers

increased on average
point

a

in

The

tim es

anti-CD3

supplemented with

mAb

stim ulatory

number of viable cells

recovered

cells

expressing

antibody

cultures

substantial

proportion

CD45RA

determ inants

was approximately a

for

anti-C D 2

CD45RA

treatm ent.

14 independent experiments.
control

thym us

stim ulatory

of

after

foetal

not
of

As

exposed

cells

in

(15.3-28.7% )

was

Figure

7.1

reported

to

19-fold over the 12 day culture period.

expressed

thymocytes.

cultures,

1982) or T i l . 2 and T11.3 (a
1984).

lobe

m urine

and 48 hours later the lobes

organ

(an

combination, Meuer et al.,
each

treated

in

antibodies
At any time

these
such

cultures
that

there

36-fold increase in the absolute number of CD45RA

In contrast, expansion of anti-CD3

(panel

b) and anti-CD2

(panel c) -treated cultures was extremely limited, and the small numbers of
cells recovered showed decreased CD45RA expression.
that,

although

proliferate

in

human

peripheral

response

to

T

cells

anti-CD3

can

(Burns

et

be
al.,

These data suggest
activated
1982)

and

and

will

certain

combinations of anti-CD2 reagents (Meuer et al., 1984; Bernard et al., 1986;
June

et

al.,

1986),

thymocytes prevents

engagem ent
expansion

in

of

these

structures

organ culture.

on

developing

Legend to figure 7.1

(next page):

Human foetal thymocytes (1-2x10^)

obtained from routine surgical procedures (at 14 to 19 weeks of gestation)
were introduced (day -2) into deoxyguanosine (dGuo) treated murine foetal
thymus lobes as described (Fisher et al., 1990a).

After 48 hours, the lobes

were washed free of unattached cells (day 0, marked by arrow), and placed
on filters

(0.8pm) floating on medium (IMDM, 10% FCS)

concentrations

of

antibodies

UCHT1

(CD3,

used

with saturating

as

sterile

culture

supernatant at a final concentration of 20% or as purified Ig at 2pg/ml) (b),
or T i l .2 and T11.3 (CD2,
U ntreated

used as ascites at a final dilution of 1/100) (c).

control

cultures

are

summarised

experim ents

are

shown

(a).

in

which

the

Fourteen
number

of

recovered

per lobe is indicated as the mean (+/- 1 SD) of

per data

point,

with

treatment modality.
controls in each set

at

organ

on

culture

viable

cells

2-8 experiments

per time point and

lobes were

included

of experiments and yielded less than 5x10^ cells

fresh foetal
was

analysed

dGuo treated and unseeded

lo b e (Fisher et al., 1990a).
CD45RA)

least three lobes

independent

as
per

Expression of CD45 isoforms (CD45R0 and
thymocytes and cells recovered

determined

bytwo colour direct

staining and FACS analysis as described in figure 7.2.

from chimeric

immunofluorescence
The proportion

of

cells expressing CD45RA in the absence of detectable CD45R0 is shown
(lower, right quadrant of the histograms in Figures 7.2 to 7.4).

Growth

kinetics

chimeric organ culture:

and

CD45

phenotype

o f human thym ocytes

Effects of CD3 and CD2 mAbs.

2

1

2

3

4

5

7

10

40
UCHT1

30

20

20

40

40
T 1 1 .2 /T 1 1 .3

-3 0

30-

number of cells

-20

10

express

10

1

recovered

per lobe

in 10

- 2 - 0

that selectively

0

CD45RA

10

of cells

Figure 7.1.

-

ml
2

-0

1

2

3

4

5

7 1 0

days after addition of antibodies

7.4.2.

Anti-CD 3

ch an g es

in

and

anti-C D 2

hum an

reagents

induce

phenotypic

thym ocytes.

The phenotype of cells developing in chimeric lobes was studied by
two-colour

immunofluorescence,

figure 7.2.

and

representative

results

are

shown

in

Freshly isolated human foetal thymocytes (16 weeks gestation in

this example) were heterogeneous in terms of CD45 isoform expression:
Panel a shows double-staining for CD45RA (Leul8-FITC) and for CD45R0
(UCHL1-PE).

Analysis of cells recovered from control cultures at successive

time points
expanding

(panels

b-d) shows that this

cultures

(the

average

indicated in each panel).

cell

heterogeneity

number

persisted

recovered

per

in the
lobe

is

In contrast, addition of anti-CD3 induced most

CD45RA cells to co-express CD45R0 by day 1 (panel e).

This was followed by

a decline of CD45RA expression (panels c and d), and a reduced recovery of
cells from

CD3-treated

cultures.

CD3 expression

(Leu4-FITC) by freshly

isolated thymocytes (32% CD3ne8 ative, 51% CD3d im , and 17% CD3b right in
this example) in relation to CD45 isoform expression is indicated in panel h.
C D 4 5 R 0 negative

cells

were

readily

detected

among

C D 3 bri£ht cells, and rare in the CD3d*m population.

CD3n e Sa tlv e and
Reciprocal staining

(Janossy et al., 1989; and data not shown) demonstrates that CD45RA cells
are abundant among CD3b r*Sbt and CD3n eSa t*ve thymocytes.

After 9 days

in culture (figure 7.2 i), the majority of thymocytes were CD3b r*Sb t, and
among those the CD45R0 negative (CD45RA positive, not shown) cells were
abundant (a subset postulated to contain precursors for imminent exit into
the periphery, reference Pilarski et al., 1989).

In anti-CD3 treated cultures,

the

and

level

of

CD3

expression

population was absent

was

reduced,

(figure 7.2 j).

the

putative

The expression of CD4 and CD8 by

thymocytes before and after organ culture is shown in figure
to m.

precursor

7.4,panels k

Interestingly, the presence of anti-CD3 had little effect

on

the

expression of these markers, and CD4CD8 double positive thymocytes were
still relatively abundant among the few cells recovered.
Similar staining patterns
and

dim

c ells)

were

(with higher resolution

obtained

immunofluorescence (not shown).
suspensions

prepared

from

(reference McMichael,

(sin g le

co lo u r)

in d ire c t

By the same method, >90% of cells in

human

cultures stained with 2D1, a mAb

by

between negative

thymus

or

from

chim eric

organ

reactive with all known CD45 isoforms

1987, data not shown).

Figure 7.2.
organ

CD45 isoform expression by human foetal thymocytes in chimeric

culture.
fresh

thym ocytes

Legend

to

figure

7.2

Freshly isolated foetal
thymocytes (a and h)
and

cells

from

recovered

chimeric

organ
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7.4.3

A nti-CD 3

CD45R0

and

followed

anti-C D 2

by

loss

induce

of CD45RA

in itial

co-expression

of

determ in an ts.

The data summarised in figures 7.1 and 7.2 suggested that changes in
CD45 isoform expression precede a decline in cell numbers.

However, this

analysis was complicated by the abundance of CD45R0 cells.

In an attempt

to visualise the response of CD45RA thymocytes

directly, cells of this

phenotype were enriched by depletion of UCHL1 positive cells (figure 7.3).
The resulting population (panel a) was introduced into organ culture, with
(7.3 d and e) and without (7.3 b and c) anti-CD3.

Again, acquisition of the

CD45R0 phenotype preceded cell death in response to anti-CD3 (very similar
results were obtained with the anti-CD2 reagents T11.2/T.l 1.3, not shown).
This result, combined with the shift to co-expression of CD45RA and CD45R0
determinants

early

after anti-CD3

treatment,

argues

that

individual

cells

undergo a programmed switch from CD45RA to CD45R0 expression prior to
cell death.

Legend to figure 7.3

(next page)

The CD45RA expressing population of

human foetal thymocytes (broken line, ......., panel a) was enriched from
9.1 to 96.1% by treatment with the mAb UCHL1 and rabbit complement (solid
line, ------ , panel a). The dotted line (.............)

represents

unstained

cells.

CD45RA-enriched thymocytes were introduced into organ culture. 48 hours
later, the CD3 mAb UCHT1 (d and e) or the anti-CD2 reagents T11.2/T11.3 (f
and g) were added.

No antibodies were added to control cultures (b and c).

Thymocytes were recovered after 2 (b,d, and f) or 5 (c, e, and g) days,
counted, and stained for CD45 isoform expression.

The phenotype and the

number of cells (mean of 4 individual lobes +/- 1 SD) recovered from lobes
seeded with CD45RA enriched cells is shown.

Figure 7.3.
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7.4.4.
by

The

transition

anti-CD 3

p a tte rn s

and

from

anti-CD2

c h a ra c te ris tic

Human

DNA

is

for

thym ocytes

chimeric organ cultures
Fisher.

CD45RA

to

accom panied

from

were examined
was

expression

by

DNA

induced

fragm entation

ap o p to sis.

recovered

breakdown

CD45R0

found

antibody-stim ulated

for D N A
18 hours

and

fragmentation by
after exposure

control
Dr.

A.G.

to ionomycin

(Figure 7.4 i), but was maximal between day 3 and 5 in response to anti-CD3
(UCHT1,

figure 7.4 b,

f, and k)

and two combinations

of CD2

antibodies,

T i l.2 / T 1 1 .3 (figure 7.4 c and g) and 9.1/9.6 (figure 7.4 m); it was not detected
in control
reagents
from

cultures

O k t ll/D 6 6 .1

C D 45R A

to

cultures in which

Figure 7.4.
anti-CD2

7.4

e and j)

(figure 7.4

C D45R 0

d and

isoform

apoptotic cell

or after exposure
1).

In each

expression

to the

example,

characterised

anti-CD2

a transition

antibody-treated

death was observed.

CD45 phenotype changes and apoptosis occur in response to
and anti-CD3

c o n tr o l

treatment.

UCHT1

b

C

T11.2 & T11.3

O kt1 1 & D66.1

d

log red flu o re s c e n c e
(C D 45R 0)

a

(figure

log green fluorescence (CD45RA)

Legend
chimeric

to figure 7.4:
organ

culture

a-d:

Human

foetal

thymocytes

were

either without

added

mAbs

or

of UCHT1 (b), T 11.2/T 11.3 (c), or O k tll/D 6 6 .1 (d).
(1/100) or as purified Ig (10pg/m l),

D66.1

(a),

maintained

in the

in

presence

O k tll was used as ascites

was used as ascites (1/250).

Cells

recovered after five days were analysed for CD45RA and CD45R0 expression
as described in figure 7.2.
Figure 7.4 is continued on the following page.
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Legend
figure
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to

figure

was

f

e-m:

carried out by

thymocytes
(lan es

7.4

recovered
and

O k tll/D 6 6 .1

k),

from

The
Dr.

experiment

A.G.

organ

T 1 1 .2 /T 1 1 .3

described

Fisher.

cultures

4

(lane

g ),

DNA
days

The

and

kinetics

io n o m y c in
degradation

part o f the

prepared from

after exposure

to

10^

UCHT1

( l p g / m l , lane

h),

(lane 1), or 9.1/9.6 (lane m, kind gifts o f Dr. J.A. Hansen), using

2% agarose

buffer)

was

io n o m y cin

methods described previously (Smith et al., 1989).
onto

in this

gels

containing O.lp-g/ml

run at 30V
o f DNA

w e re stu d ied
was

seen

ethidium

for 3-4 hours prior

fragmentation

are

here.

and

bromide

to photography

in response to

ind e ta il,
shown

D N A samples were loaded

anti-CD3,

tim e p o in ts
The

response

(T BE

using UV
anti-CD2,

w h ere
to

running

and

m a xim al

ionom ycin

maximal at 18 hours (lane i) and decreased after 4 days (lane h).

light.

was

7.4

D iscussion
Treatment

of unmanipulated

murine

embryonic

thymuses

with

the

antigen Staphylococcal enterotoxin B, antibody to CD3, or Ca++ io n o p h o re
induces apoptosis within

18hrs, and affects predominantly CD4CD8 double

positive thymocytes (Jenkinson et al., 1989; Smith et al., 1989).

The present

study tests the effects of anti-CD2 and anti-CD3 reagents on thymocytes in
reconstituted
stimulatory

thymic
mAbs

is

rudim ents.
detected

Maximal

cell

later maximal

death

cell

in

death

in

response

to

response

to

stimulatory mAbs is detected later, at a time when CD3bri8h t, ciM or CD8
single positive cells accumulate
suggest

that

between

of

apoptosis

of the

Interestingly,

have

mature,

timing

establishment

antibodies.
(1990)

the

in control
chimeric

recent

cultures.

depends
organ

experiments

demonstrated programmed cell

single

positive

murine

in

part

on

cultures
by

death

thymocytes

Preliminary

in

the

and

vitro,

interval

addition

MacDonald
among

results

and

of

Lees

phenotypically
suggesting

that

deletion of self-reactive thymocytes need not be confined to the double
positive stage.
A role for CD2 in the ontogeny of human T cells has long been
postulated (Reinherz,
affect

mouse

1985). Antibodies to the murine CD2 equivalent fail to

thymocyte

1989), however, since
mature

mouse

T

cells,

development (Kyewski et al., 1989; Yagita et al.,
the reagents used in these studies do not activate
this

result

remains

inconclusive.

This chapter

provides experimental evidence that CD2 can mediate apoptosis in human
thymocytes.

Two of the three pairs of CD2 antibodies tested (T11.2/T11.3 and

9.1/9.6) induced a transition from CD45RA to CD45R0 isoform expression and
subsequent cell death.

The effects of a third combination, OKT11/D66.1

remain unclear (refer to legend, figure 7.4).

CD2 modulation was not

sufficient to affect the survival of thymocytes, since OKT11/D66.1 induced a
similar degree of modulation as T11.2/T11.3 (not shown).
combination stimulated

an increase of cytoplasmic Ca++ concentration in

thymocytes comparable to the response to UCHT1
fluorescence

The OKT11/D66.1

as checked by Indo-1

ratios (as described by June et al., 1986, data not shown) and

also stimulated

proliferation

personal communication).

of peripheral
It is therefore

blood
obscure

T cells

(D.L.

why this

Wallace,

combination

failed to induce detectable apoptosis under the conditions employed.

In this study, an interval of 48 hours was chosen between initiation
of chimeric organ cultures and addition of CD2 antibodies.

This was to

insure that initial interactions between CD2 (on thymocytes) and LFA-3 (on
thymic

epithelium ,

Prelim inary

see

V ollger

experim ents

with

et

al.,

anti-LFA-3

1987)
(TS2/9,

were

not

which

prevented.
inhibits

the

interaction between CD2 and LFA-3, Vollger et al., 1987) did not alter CD45
isoform expression or induce apoptosis.
The possible involvement of CD2 as well as CD3 in thymic selection
raises several points.

First, does CD2 require a complete TCR/CD3 complex

for signal transduction? (see chapter 1.3.1.b for details).

If so, a related

question is whether CD2 at different stages of development is functionally
linked or unlinked to these structures (as demonstrated for the CD3/TCRcomplex by Finkel et al.,
clarify

whether CD2

(like

1989).

Furthermore, it will be interesting to

TCR/CD3)

can

be

bifunctional

in

terms

of

mediating positive and negative selection (see von Boehmer et al., 1989a,
for review).
The

permanent

acquisition

of CD45R0

(accompanied

by

loss

of

CD45RA) is a well documented consequence of activating mature T cells
(Tedder et al., 1985; Akbar et al., 1988; Serra et al., 1988).
selective

CD45

isoform

expression

by

thymocytes,

The significance of

and

the

relationship

between CD45R0 and CD45RA populations has been controversial (Fisher et
al. 1990b).

Here, evidence is presented that loss of CD45RA and acquisition

of CD45R0 determinants accompanies activation in the thymus.
CD45R0 thymocytes can be recruited from CD45RA precursors.
experiments,
to

In these

CD45 isoform switching (from high to low molecular mass)

precedes cell death.
destined

Therefore,

It seems likely that the CD45R0 population is not

complete

maturation

in

the

thymus,

and

that

selective

expression of CD45 isoforms will prove a useful marker for future studies
on thymic selection.
directly

involved

Finally, it is conceivable that CD45 isoforms are
in

thymic

selection

events,

since

the

tyrosine

phosphatase

activity (Tonks et al., 1988) of the cytoplasmic domain may act

on p56lek

(Mustelin et al.,1989), the tyrosine kinase associated with CD4

and CD8 (Veillette et al., 1988).

CD45 mediated tyrosine dephosphorylation is

thought to enhance the kinase activity of p561ck (Mustelin et al.,
Ostergaard et al, 1989; Hunter, 1989).

1989;

CHAPTER 8:

OPEN QUESTIONS AND GENERAL CONCLUSIONS.

8.1.

questions

Open

8.1.1.

Are

th ere

physiological

ligands

for

CD45?

Probably the most obvious gap in our knowledge about CD45 today
concerns its physiological ligand(s).
studies

with

soluble,

progress, I.

While this may soon change (binding

recombinant

extracellular CD45

domains

are

in

Trowbridge, Salk Institute, La Jolla), CD45 seems to perform

various functions without the requirement for extracellular ligands.
As a

major component of the

leucocyte surface

(around 10% of

membrane protein), CD45 can be expected to contribute to the structural
organisation of the plasma membrane.
by

the

observation

that

the

A structural role is also suggested

cytoplasmic

domains

of

CD45

apparently

associate with the cytoskeletal component fodrin when T cells are activated
(as indicated

by co-precipitation

experiments,

Bourguignon et al.,

1985).

Since fodrin

has potential tyrosine phosphorylation sites, proximity to CD45

may affect cytoskeletal organisation.
Schraven et al. have shown that CD45 is functionally

(1989) and

spatially (1990) associated with CD2 on the surface of human T cells.

This is

reminiscent of the side-by-side interactions observed for CD4 and CD3/TCR
(Saizawa et al., 1987; Kupfer et al., 1987), for CD2 and CD3/TCR (Brown et al.,
1989), and of course between CD3 and the TCR itself (Brenner et al., 1985).
Co-capping

of

CD45

(Bourguignon et al.,
phosphatase

with

various

other

surface

structures

1985) presumably results in transient 'hot spots' of

electron

microscopy

studies

extracellular domain (Woollett et al., 1985).
distance

cell

activity.

Finally,
sites for 0 -

T

and N-linked glycosylation,

rather

than

contact

with

other

show

an

extended,

rod-like

In combination with multiple
CD45 might serve to maintain
cells,

as

has

recently

been

proposed for CD45 and other surface glycoproteins with high carbohydrate
content (and resulting negative charge) (King et al., 1990).

8.1.2.

Can CD45RB and CD45RC isoforms be used as m arkers for

fu n c tio n a l

h e tero g en e ity

of

hum an

T

cells?

Little is known about the selective expression of CD45 isoforms other than
CD45RA and CD45R0 by human T lymphocytes.
containing

CD45

isoforms

demonstrate

Antibodies to exon B-

functional heterogeneity

among T

lymphocytes in the rat (0x22; Spickett et al., 1983; Arthur and Mason, 1986;
Powrie and Mason, 1988, 1989) and the mouse (Luqman et al., 1989; Bottomly
et al., 1989).

In humans, however, isoforms containing exon B (as detected

by the mAb PD7, Warnke et al.,

1983) seem to be expressed on most

peripheral T cells (Pulido et al., 1988), and functional studies with CD45RB
antibodies have not yet been reported.

The three variable exons in the

CD45 sequence allow eight theoretical combinations, at least six of which
have been identified as cDNA clones from mouse, rat, and/or man (Ralph et
al., 1987; Barclay et al., 1987; Saga et al., 1987; Streuli et al., 1987, see figure
1.1).

Evidence for the existence of all possible combinations comes from

studies

using

the

primers

(Chang

polymerase

et

al.,

chain

1989),

and

reaction
it

may

(PCR)
be

with

revealing

exon-specific
to

study

the

expression of these additional CD45 isoforms on human T lymphocytes.
8.1.3.

The

u n u su al

fu n ctio n al

CD45

With

significance

isoform

the

advent

expression
of

of

newly

described

and

p a tte rn s.

increasingly

sensitive

im m unofluorescence

techniques and equipment, it has become clear that the expression of CD45
isoforms represents

a spectrum between very

low and very high levels,

usually with more cells at both ends than in the middle.

Weak expression of

both, CD45RA and CD45R0 determinants generates a population of double
positive T cells.

The functional properties of these intermediate and double

positive cells are not well known.
A high proportion of bright CD45RA/CD45R0 double positive T cells is
characteristic
(Schwinzer

of a newly
and

W onigeit,

described

pattern

of CD45

isoform

1990).

The

peripheral

blood

expression
of

several

individuals was found to contain normal numbers of CD45R0 peripheral T
cells (which show proliferative responses to the recall antigen Tet tox), but
to be devoid of a CD45RA negative population.

When CD45R0 cells were

depleted, the remaining CD45RA (single positive) cells acquired CD45R0 on

PHA-activation in vitro (as described in chapter 1.4), but CD45RA fails to
disappear

(other

cell

surface

markers,

e.g.

Leu-8/TQ l/M el-14

or

LFA-

l/LFA-3 have not been investigated in these individuals, nor is there any
information on the expression of other gene products subject to alternative
splicing).
which

Family

may

help

expression

studies
to

suggest a genetic

define

the

molecular

basis

for the

regulation of

phenomenon,

CD45

isoform

patterns.

Brod et al. (1989) have reported that treatment
and/or ionomycin,

or the lymphokines II-1 or 11-6 can re-induce CD45RA

determinants on some T cell clones.
phenomenon
characteristic

has
for

with phorbol esters

not been

The functional significance of this

evaluated.

(The

early developmental

stages

re-expression
in

T

cell

of

structures

ontogeny

has

previously been demonstrated by Paliard et al., 1988b, who showed that 11-4
can mediate the appearance of CD8 on human CD4 T cell clones).

Examples

for the loss of CD45R0 from T lymphocytes have not been documented.
8.1.4.

T

cell

unresponsiveness:

m em ories

of

naivity?

As discussed in chapter 1.3.8.h, tolerance can be mediated by the
functional inactivation of T lymphocytes.

For studies on the mechanism(s)

of tolerance induction by clonal anergy, it would be of interest to define
the CD45 phenotype of anergic T cells (e.g. by analysis of V pi7

expressing T

cells in mice expressing IE^ only on pancreatic islet cells, reference Lo et
al., 1988).

8.1.5.

Do CD45RA and CD45R0 T cells produce different spectra of

lymphokines?
That
associated

differential
with

CD45

selective

isoform

lymphokine

expression
production

by

T

has

cells

been

may

be

suggested

by

several studies (Tedder et al., 1985b; Arthur and Mason, 1986; Damle et al.,
1987; Dohlsten et al., 1988; Salmon et al., 1988; Sanders et al., 1988a; Lewis et
al., 1988; Luqman et al., 1989; Bottomly et al., 1989).
results have been reported:

However, contradictory

11-2 production restricted to CD45RA (Salmon et

al., 1988) or to CD45R0 T cells has been described (Dohlsten et al., 1988).
other

studies,

both

populations

were

found

capable

of

In

producing

11-2

(Tedder et al., 1985; Damle et al, 1987; Sanders et al., 1988a; Lewis et al., 1988),
possibly with quantitative differences in mRNA levels (Bettens et al., 1989).
In the rat, only CD45RB (Ox22+ ) T cells were originally thought to produce
Il-2-like TCGF activity (Arthur and Mason, 1986).

However, when rat T cells

were stimulated in medium containing FCS rather than rat serum, 0 x 2 2 ' T
cells also produced some TCGF (Powrie and Mason, 1988).
CD45RB

Murine splenic

(16.Abri8bt) T cells, but not the 16.Adim population were found to

produce 11-2 (Bottomly et al., 1989).

11-4 mRNA was detected (by in situ

hybridisation) only in about 10% of freshly isolated human T cells, and
most positive cells expressed CD45R0 (Lewis et al., 1988).

Following in vitro

activation (and CD45RA to CD45R0 phenotype transition),

increased 11-4

mRNA levels were detectable by northern blot analysis in both populations,
but the 'original'

CD45R0 population

(Bettens et al., 1989).

remained

the predominant producer

Production of y-IFN was found elevated in human

CD45R0 and mouse Pgpl T cells (Sanders, et al., 1988a; Buddet al., 1987b), but
this difference was not reflectedat the mRNA level (Bettens
It

is

obviously

difficult

to

compare

results

et al., 1989).

from

studies

using

different T cell stimulation protocols as well as different detection systems
(ranging from in situ hybridisation to bioassays for lymphokines in T cell
supernatants).

It will, however, be important to clarify this point in order

to understand the

requirements for T cell activation and

differentiation, as

well as the effects of activated T cells on their environment, for example in
immune

pathology.

The results

presented in

chapter 3 show that CD45RA as well

CD45R0 T cells mount alloresponses under limiting dilution conditions.

as
This

may be taken as an indirect indication of the ability of both populations to
produce factors
8.1.6.
TH2

Can

which allow their proliferative expansion.

CD45

isoform

expression

distinguish

between

TH1

and

cells?
Mosmann

separate groups,

et al. (1986) have divided

murine T cell clones into two

according to their ability to produce either 11-2 and y -IF N ,

or 11-4 (differences in other lymphokines
discussed here).
Bottomly

et

al.,

stains

are not

The work of Bottomly and colleagues (Luqman et al., 1989;
1989)

expression (detected
murine T cells.

were less clearcut, and

has

established

with the mAb

a correlation

between

CD45RB

16.A) and lymphokine production by

16.A was raised by immunisation with cloned TH2 cells and

several TH2

but not TH1

clones.

Surprisingly, freshly

1 6 . A briSht t cells were foundto preferentially produce 11-2,

isolated

but

not 11-4,

whereas the 16.Adim population secreted 11-4, but not 11-2 (Bottomly et al.,
1989).

In contrast to the TH1/TH2 pattern established for long term clones,

recently activated murine T cells and short term clones may produce 11-4,
y-IFN, or both lymphokines in a
Mosmann

and Coffman,

stochastic fashion (Kelso and Gough, 1988;

1989).

Viewed in the context of the

puzzling

observation by Bottomly et al. (1990) that CD45RBbriSht T cell clones and
freshly

isolated

CD45RBbri8bt T cells show inverted profiles of lymphokine

production, this finding
clones

in vitro

understood.

and

indicates

CD45

that the

isoform

relationship between TH1/TH2

expression

in vivo

(if any)

is

not

The segregation of murine T cells into TH1/TH2 type clones

after prolonged maintenence in vitro may reflect the late realisation of a
pre-existing

developm ental

commitment,

selective

effects

of

prevailing

culture conditions (including propagation in vitro as such), or an adaptive
response of unknown biological

significance.

Human T cell clones cannot be classified into TH1/TH2 types as
defined by Mosmann et al. (1986), since the concomitant production of 11-2,
g-IFN, and 11-4 has been described for individual clones (Paliard et al.,
1988a).

Freshly isolated human T cells have may also produce several

lymphokines at the same time (Andersson et al., 1988).

8.1.7.

Do the functional properties of CD45RA and

alw ays

follow

the

d escrib ed

CD45R0 T cells

p a tte rn s?

As reviewed in chapter 1.4, the ability to deliver help for B cell
differentiation in vitro has been ascribed to CD45R0, but not CD45RA CD4 T
cells.

Suppressive effects of CD45RA T cells on antibody production have

commonly been reported.

In a recent paper, Hirohata and Lipski (1989)

report that treatment of CD45RA cells with mitomycin-C can reverse their
suppressive effects and even reveal some helper activity in the CD45RA
p o p u la tio n .
In a study on suppression of T cell proliferation, Damle et al. (1987)
have determined the phenotype of suppressor inducer T cells specific for
Candida albicans (recall) antigen(s).

These cells were found among (Leu-8)

CD45RO, rather than CD45RA T cells.
al.,

1985a,

Morimoto and colleagues (Morimoto et

1986a and b; Takeuchi et al.,

1987a) had located suppressor

inducer activity in the CD45RA population, and this phenotype was also
ascribed to suppressor effector cells in the studies of Moore and Nesbitt
(1986, 1987; Nesbitt et al., 1990).

Since CD45R0 cells generally respond much

more strongly to recall antigens than the CD45RA population (see chapter
1.4,

and results presented in this thesis), it may not be surprising that little

activation of CD45RA cells resulted from stimulation with Candida.

The

observations of Damle et al. (1987) may suggest that CD45R0 as well as
CD45RA

T cells

can

acquire

suppressive

activity

following

appropriate

stimulation in vitro.
Prelim inary

results

with

dendritic

cells

as

APC

indicate

that

responses to various antigens occur with very high frequencies in primed
as well as unprimed donors, and in CD45RA as well as CD45R0 T cell
populations (unpublished observations by S. Knight, CRC, Harrow, and C.
Michie, ICRF).
8.2. A scheme

for

CD45

isoform

expression

in

T

lym phocyte

development.
On the basis of results reported by others and presented in this
thesis, a hypothetical scheme can be devised for the sequential expression
of CD45 isoforms during human T lymphocyte development.

low

Pluripotent hematopoietic stem cells are thought

to express CD45 at

levels (Beverley et al., 1980). Early intrathymic

T cell precursors in

rodents express high molecular mass CD45 isoforms (CD45RB/Ox-22 in the
rat, Law et al, 1989; and CD45RA in the mouse, Goff et al., 1990; see also the
preliminary report by Nakano et al., 1987).

This probably also applies to T

cell precursors in murine foetal liver (as detected by the ability of CD45RA
cells from murine foetal liver to recolonise alymphoid
vitro; D. Restall, personal communication).

thymic rudiments in

After entry into the thymus, T

cell precursors express the CD3/TCR complex in association with both CD4
and CD8 accessory molecules, and are subjected to positive and negative
selection.

At this stage, most thymocytes express low molecular weight

CD45 isoforms, as demonstrated for CD4CD8 double positive thymocytes in
mouse (Lefrancois and Goodman, 1987) and human, where the expression of
CD45R0 determinants can be visualised with the antibody UCHL1 on the
great majority of cortical thymocytes (Smith et al., 1986; Pulido et al., 1988;
Janossy et al., 1989).

It seems reasonable to propose that CD45RA precursor

cells can give rise to CD45R0 expressing progeny in the thymus, since
stimulation via CD2 as well as CD3 can induce changes in CD45 isoform
expression in developing human thymocytes (chapter 7).
of

CD45R0

determ inants

precedes

the

several

points

The acquisition

activation-induced

death

of

thymocytes by apoptosis.
These

results

raise

thymocyte development.

relevant

to

understanding

First, they suggest an association between CD45

isoform expression (more precisely CD45 isoform transition) and the fate of
developing thymocytes:
premature death.

CD45R0 expressing thymocytes may be destined for

Second, since engagement of CD2 or CD3 induces the

acquisition of CD45R0 by CD45RA thymocytes, it appears that stimulatory
signals

can

actively

recruit

thymocytes

for

apoptosis,

rather

than just

accelerate the death of moribund cells (e.g. anti-CD3 mediated stimulation
can accelerate the death of T cells after damage by CTL; Russel, 1983).
Finally, the demonstration that stimulation via CD2 can cause apoptosis may
be surprising in view of teleological explanations for

apoptosis induced by

anti-CD3 or the superantigen Staphylococcal enterotoxin B (Smith et al.,
1989;

Jenkinson

recognition

et

al.,

1989):

CD3/TCR

engagement may

mimic

the

of self antigen(s) by thymocytes, and their subsequent death

has been thought to serve the purpose of clonally deleting apparently self
reactive cells.

This explanation does not apply to CD2-induced apoptosis,

since CD2 is monomorphic and uniformly expressed by the great majority
of thymocytes.
CD45RA

is

found

on

a substantial

proportion

of phenotypically

mature (CD 3 bri 8 htj single positive for CD4 or CD8) medullary thymocytes in
mouse (Lefrancois and Goodman, 1987) and humans (Janossy et al., 1989).
CD45RA, but not CD45R0 single positive thymocytes are reported to be
clonable by methods

suitable for peripheral T cells, suggesting that the

immediate intrathymic

precursors for exit to the periphery express CD45RA

(Pilarski et al., 1989).
from

Mature, single

positive, CD45RA thymocytes most probably develop

double positive

precursors, the majority

phenotype.

Two

relationship

between

expression:
CD45RA

alternative

Data

views

these

expression marks

have been

populations

presented

in
a

of which are of CD45R0

in

chapter

7

generative

proposed
terms

of

support

the

lineage

development (Pilarskiet al., 1989; Fisher

to

explain

CD45

isoform

hypothesis

throughout

et al., 1990b).

the
that

thymocyte

More complicated

models, involving bi- or multiphasic CD45RA/CD45R0/CD45RA transitions
(see for example Janossy et al., 1989) await experimental support.
CD45RA is found on most peripheral T cells in newborn humans, and
CD45R0

T

cells

accumulate

with

age,

reaching

adult

levels

during

adolescence (Hayward

et al., 1989). In adult peripheral

blood, CD45RA and

CD45R0

T

sim ilar

expressing

cells

are represented

with

(Morimoto et al., 1985a; Tedder et al., 1985; Smith et al., 1886).
and

cultured

in v itro ,

im m unoregulatory

the

functions,

two
as

populations

discussed

Experiments presented in chapters 3 and

frequencies
When isolated

m ediate

throughout

d ifferen t

this

thesis.

4 have located memory T cells in

the CD45R0 population of CD4 as well as CD8 T cells.

LDA has provided a

formal demonstration

CD45RA T cells to

that the poor responsiveness of

recall antigensis not due to
population.

These

detectable suppressive interactions

observations

are

accom odated

by

within this
assum ing

a

maturational relationship between CD45RA and CD45R0 expressing T cells
(as suggested by Tedder et al., 1985a; Beverley,
conclusion
reactivity

issupported
with

UCHL1

by

the

demonstration

after activation

1987).

that

in vitro.

Indirectly, this

CD45RA

cells

gain

CD45RA expression

is

usually lost during this process (Moore and Nesbitt, 1987; Terry et al., 1987;
Serra et al., 1988; Akbar et al., 1988; Wallace and Beverley, 1990; for an
exception, see Schwinzer and Wonigeit, 1990, discussed in chapter 8.1.3).
The acquisition of CD45R0 determinants in vitro is accompanied by changes

in the functional program of T cells (Bettens et al., 1989; Nesbitt et al., 1990).
However,

it

is

unclear

w hether

this

represents events during priming in vivo:

in

vitro

transition

faithfully

CD45RA T cells may (Nesbitt et

al., 1990) or may not (Rothstein et al. 1989) gain the ability to support B cell
differentiation,

and differences

in the spectrum

of lymphokines produced

by both populations may persist following activation in vitro (Bettens et al.,
1989).

Cell transfer studies in the rat have shown that T cell priming in

vivo induces the loss of high molecular weight CD45 isoforms and the
competence to provide B cell help (Powrie and Mason, 1988, 1989).
Following activation, T cells can be triggered to mediate effector
functions, e.g. CTL activity

or B cell help

(the distinction

between an

activated and a triggered T cell has been reviewed by Lanzavecchia, 1988),
or return to

a (more or less) resting state as memory

Cerottini and MacDonald, 1989).
and

memory

triggered to

T cells.

The

T cells (reviewed by

CD45R0 is expressed by activated, triggered,
latter population

can

perform effector functions in vitro.

It

be

(re)activated

and

is unknown whether

triggered cells can become memory cells, or whether only cells that have
been activated but not triggered can enter the memory T cell pool.
Cell transfer studies in mice by Gray and Skarvall (1988; Gray, 1990)
have

suggested

that

the

maintenance

of

dependent on the antigen(s) used for priming.
discussed

by

fortuitous

cross-recognition

cell

memory

Beverley

In an alternative scenario,
antigen

can

apparently

unrelated

regular

restimulation,

be

replaced

determinants.

If T
It is

whether

the

few

percent

of

some

by

memory pool should show signs of activation at any given time.
determine

by

is

in the

to

maintained

of

the original

memory

cells

difficult

is

(1990),

im m unological

overtly

activated

peripheral CD45R0 T cells represent restimulated memory cells, or newly
activated cells recruited from the CD45RA population.

However, several

lines of evidence indicate that the majority of CD45R0 T cells may not be
truly resting:

CD45R0 T cells are less dense and slightly larger than the

CD45RA population (Wallace and Beverley, 1990).

They express elevated

levels of various adhesion and homing molecules (see chapters 1.3.l.f and
5.3), but a substantial proportion of the CD45R0 population lacks Leu-8/TQl,
the human Mel-14 equivalent (Camerini et al., 1989).

Loss of Leu-8 is

characteristic of activated T cells (Kanof and James, 1988; Jung et al., 1988).
In contrast to the CD45RA population, many CD45R0 cells express (at low
levels) molecules associated with T cell activation, such as ICAM-1/CD54
(Buckle and Hogg, 1990), CD25/Tac/p55Il-2R, and MHC-class II (Wallace and

Beverley, 1990).

In vivo studies

by Mackay and co-workers (1990) have

detected a proportion of peripheral

memory (but not naive) T cells in sheep

which appear to be cycling,
period of several days.

since

they accumulate BUdR

over a labelling

To account for T lymphocyte population dynamics

in the periphery, clonal expansion must be compensated by the death of
some cells with memory phenotype since CD45RA and CD45R0 populations
represent

relatively

stable

proportions

The results of chapter 7 provide an
stage' thymocytes,
in the

and a

of

peripheral

blood

lymphocytes.

example for CD45R0 as a marker for 'end

similar population mayexist among CD45R0 T cells

periphery.
The experiments described in this thesis are not designed to address

questions
density

regarding

gradients

the

maintenance of T cell

used in chapter

memory.

However, the

4 depleted large granular lymphocytes,

but not T cell responsive to autlogous EBV-LCL, and depletion of HLA-class
II

expressing

cells

was

sufficient

to

remove

functionally

accessory cells, but did not abolish proliferative responses
antigen Tetanus toxoid (table 6.2).
memory T cell responses do

detectable

to the recall

These results at leastargue that human

not depend exclusively on an

overtly activated

population of CD45R0 cells.
Despite the unequal expression of adhesion molecules and activation
markers by CD45RA and CD45R0 T cells, it has been surprisingly difficult to
dem onstrate

clear

differences

in

the

activation

requirem ents

of

these

populations (Byrne et al., 1988; Matsuyama et al., 1989; Sanders et al., 1989;
Byrne et al., 1989).
respond

better

Under limiting conditions, CD45R0 T cells generally

than the

CD45RA

populations

to

engagement

of

the

activation molecules CD2 and CD3 with antibodies, and results presented in
chapter 6 suggest that this may also be the case for allostimulation (Byrne
et al., 1988; Sanders et al., 1989; Byrne et al., 1989; but note the opposite
result obtained by Matsuyama et al., 1988, for anti-CD2 stimulation).
The
affects
whereas

differential

the

expression

recirculation

naive

patterns

cells circulate

of

adhesion

of CD45RA

preferentially

and
and

between

homing

CD45R0
blood

molecules
populations:
and

lymph

nodes, primed T cells are found in peripheral tissues (Janossy et al., 1990;
Mackay et al., 1990).

Loss of Leu-8/MEL14 is consistent with the decreased

preference of CD45R0 T cells to leave the blood via high endothelial venules
in peripheral lymph nodes.

The presence of CD45R0 cells in peripheral

tissues may be related to the elevated expression of CD44/Hermes/Pgpl and
LFA-1, both of which are implicated in facilitating lymphocyte binding to

endothelial cells as an initial step for extravasation (Sanders et al., 1988a
and b; Wallace and Beverley, 1990; Duijvestin and Hamann, 1989).

Within

lymphoid organs, CD45R0 T cells occupy positions consistent with their
ability to provide B cell help (as assessed by in vitro assays),

e.g. germinal

centers in tonsils

et al., 1988;

and lymph nodes (Smith et al., 1986; Pulido

Janossy et al., 1990).
Figure 8.1. summarises some of the points discussed in this chapter.
8.3

P e rs p e c tiv e .
In

summary,

associated

with

the

differential

functional

diversity

expression
among

of

human

CD45
(see

isoform s

chapter

1.4

is
for

review, and results presented in this thesis), rat (Arthur and Mason, 1986;
Powrie and Mason, 1988,1989) and murine (Lefrancois et al., 1985;

Marvel

and Mayer, 1988; Luqman et al, 1989, Bottomly et al., 1989, Birkeland et al.,
1989) peripheral T cells and thymocytes (Pilarski et al., 1989; Law et al.,
1989; Goff et al., 1990, chapter 7).
orderly

fashion

demonstrated

during

by

and

the segregation

phenotype in both CD4
populations

thymic

(chapter

That CD45 expression is regulated in an
post-thym ic

of T

(see chapter
4)

and

the

cell

T

cell

memory

m aturation

with

the

is

CD45R0

1.4 for review; chapter 3) and CD8 T cell
acquisition

of

CD45R0

by

human

thymocytes destined for programmed cell death (chapter 7).
Together, these observations suggest a dynamic view of the immune
system, in which the functional role of T cells changes with maturational
events.

The cDNA clones coding for the different isoforms of CD45 are

derived

from

a single

gene by

alternative

mRNA processing

in human

(Ralph et al., 1987; Streuli et al., 1987), rat (Barclay et al., 1987), and mouse
(Saga et al., 1987), providing molecular probes for thymic and post-thymic
T cell maturation.
Exon-specific probes and antibodies to CD45 isoforms will further
contribute to our understanding of selective events in the thymus and the
regulation of the immune system by peripheral T cells.

There is reason to

believe,

views

therefore,

that the

simplistic

and

speculative

summarised

above will soon be replaced by a more detailed and realistic account.
The
populations

ability

to

should

help

prevent their
preventive

and

activation,

distinguish
to

define

naive

conditions

and ultimately

therapeutic

purposes.

from

primed
to

facilitate

human

selectively

T

support

immune-intervention

cell
or
for

Figure 8.1.

The selective expression of CD45A and CD45R0 isoforms marks

maturation stages of T lymphocytes.

sites

of

hem atopoiesis

CD45RA?

p lu rip o te n t
stem cell

committed
stem cell

C D 45R A ?
pro-T cell

thym us
CD45RA?
pre-T cell

(CD8)
transitional
thymocyte

CD4
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CD45RA?

^

double pos.

C D 4 5 R A lhymocyte
CD8
single pos.
thymocyte
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J
CD45RA

CDS

blood

CD45RA

.
I

CD4

and

lymphoid

tissues

CD4
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CD45RA

CDS
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T cell

CDS
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Legend to figure 8.1:

blood, lymphoid an d
non-lymphoid tis s u e s

See text for details.

the cross indicating cell death.

CD45R

memory
T cell

The thymus is indicated by a box, with

As discussed in the text, loss of CD45R0 expression

has never been demonstrated, but its occurance can not ben excluded.

REFERENCES
Accolla, R.S. (1983).
Human B cell variants immunoselected against a single la antigen subset have lost
expression of several la antigen subsets.
/. Exp. Med. 157: 1053.
Akbar, A.N., Terry, L.A., Timms, A., Beverley, P.C.L. and Janossy, G.(1988)
Loss of CD45R and gain of UCHL1 reactivity is a feature of primed T cells.
J. Immunol. 140: 2171.
Alexander, D., and Cantrell, D.A. (1989).
Kinases and phosphatases in T-cell activation.
Immunol. Today

10: 200.

Altmann, D.M., Hogg, N., Trowsdale, J., and Wilkinson, D. (1989).
Co-transfection of ICAM-1

and HLA-DR

reconstitutes humanantigen-presenting

cell function in mouse L cells.
Nature 338: 512.
Anderson, P., Caligiuri, M., Ritz,

J., and Schlossman, S.F. (1989).

CD3-negative natural killer cells

express £ TCR as partof a novel

complex. Nature

molecular

341: 159.

Andersson, U., Sander, B., Andersson, J., and MOller, G. (1988).
Concomitant production of different lymphokines in activated T cells.
Eur. J. Immunol. 18: 2081.
Ando, I., Hariri, G., Wallace, D., and Beverley, P.C.L. (1985). Tumor promoter
phorbol esters induce unresponsiveness to antigen and expression of interleukin
2 receptor on T cells. Eur. J. Immunol. 15: 196.
Arthur, R.P., and Mason, D. (1986).

T cells that help B cell responses to soluble

antigen are distinguishable from those producing interleukin 2 on mitogenic or
allogeneic stimulation.

J. Exp. Med. 163: 774.

Ashwell, J.D., Chen, C., and Schwartz, R.H. (1986). High frequency and nonrandom
distribution of alloreactivity in T cell clones selected for recognition of foreign
antigen in association with self class II molecules. J. Immunol.

136: 389.

Ashwell, J.D. (1988). Are B lymphocytes the primary antigen presenting cells in
vivo? J. Immunol. 140: 3697.
Autero, M., and Gahmberg, C.G. (1987). Phorbol diesters increase the
phosphorylation of the leucocyte common antigen CD45 in human T cells.
Eur. J. Immunol. 17: 1503.
Bank, I., and Chess, L. (1985). Perturbation of the T4 molecule transmits a negative
signal to T cells. J. Exp. Med. 162: 1294.
Barbosa, J.A., Santos-Aguado, J., Menzer, S.J., Strominger, J.L., Burakoff, S.J., and
Byro, P.A. (1984). Site directed mutagenesis of class I HLA genes: role of
glycosylation in surface expression

and functional recognition.

Proc. Natl. Acad. Sci. U.S.A. 81: 7549.
Barclay, A.N., Jackson, D.I., Willis, A.C. and Williams, A.F. (1987).

Lymphocyte

specific heterogeneity in the rat leucocyte common antigen (T200) is due to
differences in polypeptide sequences near the NH2- terminus. EMBO J.

6: 1251.

Battisto, J.R., and Bloom, B.R. (1966). Dual immunological unresponsiveness
induced by cell membrane coupled hapten or antigen. Nature

212:

156.

Bazil, V., Hilgert, I., Kristofova, H., Maurer, D., and Horejsi, V. (1989). Sialic acid
dependent epitopes of CD45 molecules of restricted cellular expression.
Im m unogenetics

29: 202.

Benacerraf, B., and Germain, R.N. (1978). The immune response genes of the major
histocompatibility complex. Immunol. Rev. 38: 70.
Benoist, C., and D. Mathis (1989). Positive selection of the T cell repertoire: where
and when does it occur? Cell

58: 1027.

Berg, E.L. (1989). Homing receptors and vascular addressins: cell adhesion
molecules that direct lymphocyte traffic. Immunol.

Rev. 108: 5.

Bernard, A., Brottier, P., Georget, E., Lepage, V., and Bloumsell, L. (1986).
in: Leucocyte Typing II.

Reinherz, E.L., Haynes, B.F., Nadler, L.M., and Bernstein,

E.D., eds. Springer, New York, p 53.
Bernhard, E.J., Le, A-X.T., Yannelli, J.R., Holterman, M.J., Hogan, K.T., Parham, P.,
and Engelhard, V.H. (1987).
HLA-B7 antigens expressed
specificity. / . Immunol.

The ability of cytotoxic T cels to recognize HLA-A2.1 or
on murine cells correlates with their epitope

139: 3614.

Bevan, M., and Fink, P. (1978). The influence of thymus H-2 antigens on the
specificity of mature killer

and helper cells. Im m u n o l.R e v . 42: 3.

Beverley, P.C.L., Linch, D.,and Delia,

D. (1980). Isolation of human hematopoietic

progenitor cells using monoclonal antibodies. Nature

287: 332.

Beverley, P.C.L., and Callard, R.E. (1981). Distinctive functional characteristics of
human 'T' lymphocytes defined by E rosetting or a monoclonal anti-T cell
antibody. Eur. J. Imunol.
Beverley, P.C.L. (1987).

11: 329.
Human T cell subsets. Immunol. Lett. 14: 263.

Beverley, P.C.L. (1990). The maintainance of T cell memory.
Immunol. Today

11: 203.

Bich-Thuy, L.T., Lane, H.C., and Fauci, A.S. (1986). Recombinant interleukin-2induced polyclonal proliferation of in vitro unstimulated human peripheral blood
lymphocytes. Cell.Immunol. 98: 396.
Biddison, W.E., Rao, P.E., Talle, M.A., Goldstein, G., and Shaw, S. (1982).
Possible involvement of the OKT4 molecule in T cell recognition of class II HLA
antigens. J. Exp. Med. 156: 1065.
Biddison, W.E., Rao, P.E., Talle, M.A., Goldstein, G., and Shaw, S. (1983).
Possible involvement of the OKT4 molecule in T cell recognition of class II HLA
antigens: evidence from studies of proliferative responses to SB antigens.
J. Immunol.

131: 152.

Billingham, R.E., Brent, L., and Medawar, P.B. (1953). "Actively acquired tolerance"
of foreign cells. Nature

172: 603.

Birkeland, M.L., Johnson, P., Trowbridge, I.S., and Pure, E. (1989). Changes in CD45
isoform expression

accompany antigen-induced murine T-cell activation.

Proc. Natl. Acad. Sci. U.S.A. 86: 6734.
Bjorkman, P.J., Saper, M.A., Samraoui, B., Bennett, W.S., Strominger, J.L., and
Wiley, D.C. (1987a). Structure of the human class I histocompatibility antigen,
HLA-A2. Nature 329: 506.
Bjorkman, P.J., Saper, M.A., Samraoui, B., Bennett, W.S., Strominger, J.L., and
Wiley, D.C. (1987b). The foreign antigen binding site and T cell recognition
regions of class I histocompatibility antigens. N ature

329: 512.

Blanchard, D., C. Van Els, J.-P. Aubry, J. E. de Vries, and H. Spits. (1988).
CD4 is involved in a post binding event in the cytolytic reaction mediated by
human CD4 cytotoxic T lymphocyte clones. J. Immunol.

140: 1745.

Bockenstedt, L.K., Goldsmith, M.A., Dustin, M., Olive, D., Springer, T.A., and Weiss, A.
(1988). The CD2 ligand LFA-3 avtivates T cells but depends on the expression and
function of the antigen receptor. J. Immunol.

14: 1904.

Bottomly, K., Luqman, M„ Greenbaum, L., Carding, S., West, J., Pasqualini, T., and
Murphy, D.B. (1989). A monoclonal antibody to murine CD45R distinguishes CD4 T
cell populations that produce different lymphokines. Eur. J. Immunol. 19: 617.
Bourguignon, L.Y.W., Suchard, S.J., Nagpal, M.L., and Glenney J.R. (1985).
A T-lymphoma transmembrane glycoprotein (gpl80) is linked to the cytoskeletal
protein, fodrin. J. Cell. Biol. 10: 477.
Brenner, M.B., Trowbridge, I.S., and Strominger, J.L. (1985).
Cross-linking of human T cell receptor proteins: association between the T cell
idiotype p subunit and the T3 glycoprotein heavy subunit. Cell

40: 183.

Brod, S.A., Rudd, C.E., Purvee, M., and Hafler, D. (1989). Lymphokine regulation of
CD45R expression on human T cells. J. Exp. Med.

170: 2147.

Brooks, C.F., and Moore, M. (1988). Differential MHC class II expression on human
peripheral blood monocytes and dendritic cells. Im m unol.

63: 303.

Brown, J.H., Jardetzky, T., Saper, M.A., Samroui, B., Bjorkman, P.J., and Wiley, D.C.
(1988).
A hypothetical model of the foreign antigen binding site of class II
histocompatibility molecules. Nature

332: 845.

Brown, M.H., Cantrell, D.A., Brattsand, G., Crumpton, M.J., and Gullberg,M. (1989).
The CD2 antigen associates with the T cell antigen receptor CD3 complex on the
surface of human T lymphocytes. Nature

339: 551.

Buckle, A.-M., and Hogg, N. (1990). Human memory T cells express intercellular
adhesion molecule-1 which can be increased by interleukin 2 and interferon-y.
Eur. J. Immunol. 20: 337.
Bucy, R.P., Chen, C.-L.H., and Cooper, M. (1989). Tissue localization and CD8
accessory molecule expression of Ty5 cells in humans. J. Immunol.

142: 3045.

Budd, R.C., Cerottini, J.-C., and MacDonald,H.R. (1987a). Phenotypic identification
of memory cytolytic T lymphocytes in a subset of Lyt-2+ cells.
J. Immunol. 138: 1009.
Budd, R.C., Cerottini, J.-C., Horvath, C., Bron, C., Pedrazzini, T., Howe, R., and
MacDonald, H.R. (1987b). Distinction of virgin and memory T lymphocytes. Stable
acquisition of the

Pgp-1 glycoprotein concomitant with antigenic stimulation.

J. Immunol. 138: 3120.
Bums, G.F., Boyd, A.W., and Beverley, P.C.L. (1982). Two monoclonal anti-human T
lymphocyte antibodies have similar biologic effects and recognize the same cell
surface antigen. J. Immunol.

129, 1451.

Buus, S., Sette, A., Colon, S.M., Miles, C., and Grey, H.M. (1987).
The relation between major histocompatibility complex (MHC) restriction and the
capacity of la to bind immunogenic peptides. Science
Byme, J.A., Butler, J.L., and Cooper, M.D. (1988).

235: 1353.

Differential activation

requirements for virgin and memory T cells. J. Immunol. 141: 3249.

Byme, J.A., Butler, J.L., Reinherz, E.L., and Cooper, M.D. (1989). Virgin and
memory T cells have different requirements for activation via the CD2 molecule.
Int. Immunol.

1: 29.

Calabi, F., and Milstein, C. (1986). A novel family of human major
histocompatibility complex related genes not mapping to chromosome 6.
Nature

323: 540.

Callard, R.E. (1979). Specific in vitro antibody response to influenza virus by
human blood lymphocytes. Nature

282: 734.

Calvo, C.F., Bemarrd, A., Huet, S., Leroy, E., Boumsell, L., and Senik, A. (1986).
Regulation of immunoglobulin synthesis by human T cell subsets as defined by
anti-D44 monoclonal antibody within the CD4+ and CD8+ subpopulations.
/ . Immunol.

136: 1144.

Camerini, D., James, S.P., Stamenkovic, I., and Seed, B. (1989). Leu-8/TQl is the
human equivalent of the Mel-14 lymph node homing receptor. Nature
Cantor, H. and Boyse, E.A. (1977).

342: 78.

Regulation of cellular and humoral immunity by

T cell subclasses. Cold Spring Harbor Symp. Quant.

Biol. 41: 23.

Carrel, S., Moretta, A., Panaloe, G., Tambassi, G., Isler, E., Perussia, B., Cerrotini, J.C.,
and Moretta, L. (1988). Stimulation and proliferation of
lymphocytes by an anti-CD4 monoclonal antibody.

CD4 peripheral blood T

Eur. J.Immunol. 18: 333.

Cebrian M., Carrera A.C., De Landazuri, M.O., and Acevedo, A. (1987). Three
different antigen specificities within the Leucocyte common antigen or T200
complex: a biochemical, cell distribution, and functional comparative study.
Leucocyte Typing III.

A.J. McMichael, Ed. Oxford University Press, Oxford, p.823.

Cerottini, J.-C., Engers, H.D., MacDonald, H.R., and Brunner, K.T. (1974). Generation
of cytotoxic T lymphocytes in vitro. I. Response of normal and immune mouse
spleen cells in mixed lymphocyte cultures. J. Exp. Med.

140: 703.

Cerottini, J.-C., and MacDonald, H.R. (1989). The cellular basis of T-cell memory.
Ann. Rev. Immunol. 7: 77.

Chang, H.-L., Zaroujian, M.H., and Esselman, W J. (1989). T200 alternative exon use
in murine lymphoid cells
reaction. / . Immunol.

determined by reverse transcription-polymerase

chain

143: 315.

Charbonneau, H., Tonks, N.K., Walsh, K.A. and Fischer,E.H. (1988). The leucocyte
common antigen (CD45): A putative receptor-linked protein tyrosine phosphatase.
Proc. Natl. Acad. Sci. U.S.A. 85: 7182.
Chen, B.P., DeMars, R., and Sondel, P.M. (1987). Presentation of soluble antigen to
human T cells by products of multiple HLA-linked loci: analysis of antigen
presentation by a panel of cloned, autologous, HLA-mutant Epstein-Barr virus
transformed lymphoblastoid cell lines. Hum.

Immunol.

Clayton, L. K., Hussey, R.E.,

Ramarachandran, H., Husain, Y., and

Steinbrich, R.,

18: 75.

Reinherz, E.L. (1987). Substitution of murine for human CD4 residues identifies
amino acids critical for HIV-gpl20 binding. Nature

335: 363.

Clayton, L. K., Sieh, M., Pious, D.A., and Reinherz, E.L. (1989). Identification of
human CD4 residues affecting class II versus HIV-1 gpl20 binding.
Nature 339: 548.
Cobbold, S., Hale, G., and Waldmann, H. (1987) Non-lineage, LFA-1 family, and
leucocyte common antigens: new and previously defined clusters. In: L e u c o c y te
Typing III.

A.J. McMichael, ed. Oxford University Press, Oxford. p788.

Collins, T., Korman, A.J., Wake, C.T., Boss, J.M., Kappes, D.J., Fiers, W., Ault, K.A.,
Gimbrone, M.A.,

Strominger, J.L., and Pober, J.S. (1984). Immune interferon

activates multiple class II major histocompatibility complex genes and the
associated invariant chain gene in human endothelial cells and dermal
fibroblasts. Proc. Natl. Acad. Sci. U.S.A. 81: 4917.
Cowan, E.P., Coligan, J.E., and Biddison, W.E. (1985). Human cytotoxic T lymohocyte
recognition of an HLA-A3 gene product expressed on murine L cells: the only
human gene product required on the target cell for lysis is the class I heavy
chain. Proc. Natl. Acad. Sci. U.S.A.

82: 4490.

Crabtree, G. R. (1989). Contingent genetic regulatory events in T lymphocyte
activation. Science

243: 355.

Crawford, D.H., Iliescu, V., Edwards, A.J., and Beverley, P.C.L. (1983).
Characterisation of EBV specific memory T cells from the peripheral blood of
seropositive individuals. Br. J. Cancer 47: 681.
Cresswell, P. (1985). Intracellular class II antigens are accessiblr to transferrinneuraminidase

conjugates

Proc. Natl. Acad. Sci. U.S.A.

internalized

by

receptor-mediated

endocytosis.

82: 8188.

Dalgleish, A.G., P.C.L. Beverley, P.R. Clapham, D.H. Crawford, M.F. Greaves, and R.A.
Weiss. (1984). The CD4 (T4) antigen is an essential component of the receptor for
the AIDS retrovirus. Nature. 312: 763.
Damle, N.K., Mohaghehpour, N., Hansen, J.A., and Engleman, E.G. (1983).
Alloantigen-specific cytotoxic and suppressor T lymphocytes are derived from
phenotypically distinct precursors. J. Immunol. 131: 2296.
Damle, N., Mohagheghpour, N., Kansas, Fishwild, D., and Engleman, E.G. (1985).
Immunoregulatory T cell circuits in man: identification of a distinct T cell
subpopulation of the helper/inducer lineage that amplifies the development of
alloantigen-specific suppressor T cells. J. Immunol. 134, 235.
Damle, N., Childs, A.L., and v. Doyle, L. (1987). Soluble antigen-specific suppressorinducer T lymphocytes are derived from the CD4+ C D 45R ’p80+ subpopulation.
J.Immunol. 139: 1501.
Damle, N., v. Doyle, L., Grosmaire, L.S., and Ledbetter, J.A. (1988). Differential
regulatory signals delivered by antibody binding to the CD28 (Tp44) molecule
during the activation of human T lymphocytes. J. Immunol.

140: 1753.

Damle, N., and v. Doyle, L. (1990). Ability of human T lymphocytes to adhere to
vascular endothelial cells and to augment endothelial permeability to
macromolecules is linked to their state of post-thymic maturation.
J.Immunol. 144: 1233.

Davis, C.B., Mitchell, D.J., Wraith, D.C., Todd, J.A., Zamvil, S.S., McDevitt, H.,
Steinman, L., and Jones, P.P. (1989). Polymorphic residues on the IAp chain
modulate the stimulation of T cell clones specific for the N-terminal peptide of the
autoantigen myelin basic protein. J .Immunol. 143: 2083.
Davis, M.M., and Bjorkman, P J . (1988). T cell antigen receptor genes and antigen
recognition. Nature

334: 395.

Deans, J.P., Shaw, J., Pearse, M., and Pilarski, L.M. (1989). CD45R as a primaty signal
transducer stimulating 11-2 and Il-2r mRNA synthesis by CD3’4 ’8’ thymocytes.
/ . Immunol.

143: 2425.

Denning, S.M., Kurtzberg, J., Leslie, and Haynes, B.F. (1989). Human postnatal CD4"
C D 8 - CD3" thymic T cell precursors differentiate in vitro into T cell receptor 8bearing cells. J. Immunol.

142, 2988.

Diamantstein, T., and Osawa, H. (1986). The interleukin-2 receptor, its physiology
and a new approach to a selective immunosuppressive therapy by interleukin-2
receptor monpclonal antibodies. Immunol.

Rev.

92: 5.

Dohlsten, M., Hedlund.G., Sjdgren,H.J., and CarIsson,R. (1988). Two subsets of
human

CD4+ T helper cells differing in kinetics and capacities to produce

interleukin 2 and interferon - 7 can be defined by the Leu-18 and UCHL1
monoclonal antibodies. Eur. J. Immunol. 18: 1173
Doyle, C. and Strominger, J.L. (1987). Interaction between CD4 and class II MHC
molecules mediates cell adhesion. Nature. 330:256.
Doyle, C., Shin, J., Dunbrack Jr., R.L., and Strominger, J.L. (1989). Mutational
analysis of structure and function of the CD4 protein. Immunol. Rev. 109: 17.
Dresser, D.W. (1962). Specific inhibition of antibody production. II: Paralysis
induced in adult mice by small quantities of protein antigen. Im m u n o l.

5: 378.

Duijvestin, A., and Hamann, A. (1989). Mechanisms and regulation of lymphocyte
migration. Immunol.

Today.

10: 23.

Dustin, M.L., Singer, K.H., Tuck, D.I., and Springer, T.A. (1988). Adhesion of T
lymphoblasts to epidermal keratinocytes is regulated by interferon-y and is
mediated by intercellular adhesion molecule 1 (ICAM-1). J. Exp. Med. 167: 1323.
Dustin, M.L., and Springer, T.A. (1989). T-cell receptor cross-linking
stimulstes adhesiveness through LFA-1. Nature

transiently

341: 619.

Eardley, D.D., Hu, S.K., and Gershon, R.K. (1983). Role of Ly-l:Q al neg and Ly-1: Qal
pos inducer T cells in activation of Ly-23 effectors of suppression of antibody
production in mice. J.Immunol.

131 :2154.

Eardley, D.D., and Hunt, P. (1986). Suppressor T cells are not easily cloned by
methods for cloning helper T cells, in: Paradoxes in Immunology,

Hoffmann,

G.W., Levy, J.G., and Nepom, G.T., eds. CRC Press, Boca Raton, Florida. p57.
Eichmann.K., Fey, K., Kuppers, R., Melchers, F., Simon, M.M., and

Weltz (1983).

Regulation among T cells: Conclusions from limiting dilution experiments
Springer

Sem.Immunpathol.

6:7.

Emmrich, F., Kanz, L., and Eichmann, K. (1987). Cross-linking of the T cell
receptor complex with a subset-specific differentiation

antigen

stimulates

interleukin-2 receptor expression in human CD4 and CD8 T cells.
Eur. J. Immunol.

17: 643.

Engers, H.D., and MacDonald, H.R. (1976). Generation of cytotolytic effector cells in
vitro. In: Contemporary topics in immunobiology. Weigle, W., ed. Plenum, New
York. p. 145.
Estess, P., Salmon, S.L., Winberg, M., Oi, V.T., and Buck, D. (in press). Molecular
mapping of immunogenic determinants on human CD4 using chimeric
interspecies molecules and anti-CD4 antibodies. Curr. Res. in Prot. Chem.
Evans, R.L., Breard, J.M., Lazarus, H., Schlossman, S.F., and Chess, L. (1977).
Detection, isolation, and functional characterisation of two human T-cell
subclasses bearing unique differentiation antigens. J. Exp. Med.

145: 221.

Feldmann, M., Zanders, E.D., and Lamb, J.R. (1985). Tolerance in T-cell clones.
Immunol. Today 6: 58.

Finkel, T.H., Cambier, J.C., Kubo, R.T., Bom, W.K., Marrack, P., and Kappler, J.W.
(1989). The thymus has two

functionally distinct populations of immature otp+ T

cells: One population is deletedby ligation of ap TCR. Cell 58: 1047.
Fisher,A.G., Larsson, L., Goff,

L.K., Restall, D.E., Happerfield, L., and

Merkenschlager, M. (1990a).

Human thymocyte development in organ cultures.

I n t.I m m u n o l., in press.
Fisher, A.G., Goff, L.K., Lightstone, L., Marvel., J., Mitchison, N.A., Poirier, G.,
Stauss, H., and Zamoyska, R. (1990b). Problems in the physiology of class I and
class II MHC molecules and of CD45. Cold Spring Harb. Symp. Quant. Biol., in press.
Fishwild, D., Benike, C.J., and Engleman, E.G. (1988). Activation of HLA-restricted
EBV-specific cytotoxic T cells does not require CD4+ (helper) T cells or exogenous
cytokines. J .Immunol.

140:199.

Fleischer, B., and H. Schrezenmeier. 1988. Do CD4 or CD8 molecules provide a
regulatory signal in T-cell activation? Immunol. Today.

9: 132.

Flood, P.M. (1986).Genetic linkage of MHC- and IGH-V-linked gene products on T
cell regulatory molecules, in: Paradoxes in Immunology,

Hoffmann, G.W., Levy,

J.G., and Nepom, G.T., eds. CRC Press, Boca Raton, Florida. p65.
Friedrich, B., Cantrell, D.A., and Gullberg, M. (1989). Evidence for protein kinase C
activation in T-lymphocytes by stimulation of either CD2 or CD3 antigens.
Eur. J. Immunol.

19: 17.

Gammon, G., Shastri, N., Cogswell, J., Wilbur, S., Sadegh-Nasseri, S., Krych, U.,
Miller, A., and Sercarz, E. (1986). The choice of T cell epitopes utilized on a protein
antigen depends on multiple factors distant from, as well as at the determinant
site. Immunol. Rev.

98: 53.

Gay, D., P. Maddon, R. Sekaly, M.A. Talle, M. Godfrey, E. Long, G. Goldstein, L. Chess,
R. Axel, J. Kappler, and P. Marrack. (1987). Functional interaction between human
T cell protein CD4 and the major histocompatibility complex HLA-DR antigen.
Nature 328: 626.

Garrett, T.P.J., Saper, M.A., Bjorkman, P.J., Strominger, J.L., and Wiley, D.C. (1989).
Specificity pockets for the side chains of peptide antigens in HLA-Aw68.
Nature 342: 692.
Gaspari, A.A., Jenkins, M.K., and Katz, S.I. (1988). Class II major histocompatibility
complex-bearing

keratinocytes

induce

hapten-specific TH1 clones. J. Immunol.

antigen-specific

unresponsiveness

in

141: 2216.

Geppert, T.D., and Lipsky, P.E. (1985). Antigen presentation by interferon-y
treated endothelial cells and fibroblasts: differential ability to function as
antigen-presenting cells despite comparable Ia-expression. J. Immunol. 135: 3750.
Geppert, T.D., Wacholtz, M.C., Davis, L.S., and Lipsky, P.E. (1988). Activation of
human T4 cells by cross-linking class I MHC molecules. J. Immunol. 140: 2155.
Germain, R.N., Malissen, B. (1986). Analysis of the expression and function of class
II MHC encoded molecules by DNA mediated gene transfer.
Ann. Rev. Immunol.

4: 281.

Goff, L., Larsson, L., and Fisher, A. G. (1990). Expression of high molecular weight
isoforms of CD45 by mouse thymic progenitor cells. Eur. J. Immunol. 20: 665.
Goverman, J., Gomez, S.M., Segesman, K.D., Hunkapiller, T., Laug, W.E., and Hood, L.
(1990). Chimeric immunoglobulin-T cell receptor proteins form functional
receptors: implications for T cell receptor complex formation and activation.
Cell 60: 929.
Gray, D., and Skarvall, H. (1988). B-cell memory is short-lived in the absence of
antigen. Nature

336: 70.

Gray, D. (1990). Immunological memory: longlived cells or longlived antigen? in:
Immunogenicity

C.A. Janeway, J. Sprent, and E. Sercarz, eds. Wiley-Liss, New

Y ork.
Gregory, C.D., Murray, R.J., Edwards, C.F., and Rickinson, A.B. (1988).
Downregulation of cell adhesion molecules LFA-3 and ICAM-1 in Epstein-Barr
virus-positive Burkitt's lymphoma underlies tumor cell escape from virusspecific T cell surveillance. J. Exp. Med.

167: 1811.

Gromo, G., Geller, R.L., Inverardi, L., and Bach, F.H. (1987). Signal requirements in
the step-wise functional maturation of cytotoxic T lymphocytes. Nature

327: 424.

Groux, H., Huet, S., Valentin, H., Pham, D., and Bernard, A. (1989). Suppressor
effects and cyclic AMP accumulation by the CD29 molecule on CD4+ lymphocytes.
Nature. 339: 152.
Guillet, J.-G., Lai, M.-Z., Briner, T.J., Buus, S., Sette, A., Grey, H.M., Smith, J.A., and
Gefter, M.A. (1987). Immunological self, nonself discrimination. Science

235: 865.

Habu, S., and Raff, M.C. (1977). Accessory cell dependence of lectin-induced
proliferation of mouse T lymphocytes. Eur. J. Immunol. 7: 451.
Hafler, D.A., Fox, D.A., Benjamin, D., and Weiner, H.L. (1986). Antigen reactive
memory cells are defined by Ta-1. J. Immunol. 137: 414.
Hara, T., Fu, S.M., and Hansen, J.A. (1985).

Human T cell activation. II. A new

activation pathway used by a major T cell population via a disulfide-bonded Dimer
of a 44kD polypeptide (9.3 Ag). J. Exp. Med. 161: 1513.
Haynes, B.F., Tele, M.J., Hale, L.P., and Denning, S.M. (1989a). CD44- A molecule
involved in leucocyte adherence and T cell activation. Immunol.

Today. 10: 423.

Haynes, B.F., Denning, S.M., Singer, K.H., and Kurtzberg, J. (1989b). Ontogeny of Tcell precursors: a model for the initial stages of human T-cell development.
Immunol. Today.

10: 87.

Hayward, A., Lee, J.,

and Beverley, P.C.L. (1989) Ontogeny of expression of UCHL1

antigen on TcR-l+ (CD4/8) and TcR8+ T cells. Eur. J. Immunol.

19: 771.

Heath, W.R., Hurd, M.E., Carbone, F.R., and Sherman, L.A. (1989). Peptidedependent recognition of H-2Kb by alloreactive cytotoxic T lymphocytes. Nature.
341: 749.
Hemler, M.E., (1988). Adhesive protein receptors on hematopoietic cells.
Immunol. Today 9: 109.

Hirayama, K., Matsushita, S., Kiuchi, I., Iuchi, M., Ohta, N., and Sasazuki, T. (1987).
HLA-DQ is epistatic to HLA-DR in controlling the immune response in humans.
Nature 327: 426.
Hirohata, S., and Lipski, P.E. (1989). T cell regulation of human B cell proliferation
and differentiation. / . Immunol.

142: 2597.

Holzmann, B., McIntyre, B.W., and Weissman, I.L. (1989). Identification of a
murine peyer's patch-specific lymphocyte homing receptor is an integrin
molecule with an a chain homologous to human VLA-4a. Cell 56: 37.
Huber, C., Merkenschlager, M., Gattringer, C., Royston, I., Fink, U., and
Braunsteiner, H. (1982). Human autologous mixed lymphocyte reactivity is
primarily

specific for xenoprotein determinants

adsorbed to antigen presenting

cells during rosette formation with sheep erythrocytes. J.Exp.M ed. 155: 1222.
Hiinig, T., Tiefenthaler, G., Meyer zum Biischenfelde, K.-H., and Meuer, S.C. (1987).
Alternative pathway activation of T cells by binding of CD2 to its cell-surface
ligand. Nature

326: 298.

Hunter, T. (1989). Protein tyrosine phosphatases: the other side of the coin.
Cell. 58: 1013.
Ikeda, H., Trowsdale, J., and Saito, I. (1988). Mulcos: a vector for amplification and
simultaneous expression of two foreign genes in mammalian cells. Gene

71: 19.

Inaba, K., and Steinman, R. (1984). Resting and sensitized T lymphocytes exhibit
distinct stimulatory

(antigen-presentin

lymphokine release. J. Exp. Med.

cell)

requirements

for growth

and

169: 1191.

Ishikura, H., Ishikawa, N., and Aizawa, M. (1987). Differential expression of HLAclass II antigens in the human thymus.
the thymic medulla. Transplantation.

Relative paucicity of HLA-DQ antigens in
44: 314.

Jalkanen, S., Reichert, R.A., Gallatin, W.M., Bargatze, R.F., Weissman, I.L., and
Butcher, E.C. (1986) Homing receptors and the control of lymphocyte migration.
Immunol. Rev.

91: 39.

Jalkanen, S., Jalkanen, M., Bargatze, R.F., Tammi, M., and Butcher, E.C. (1988).
Biochemical properties of glycoproteins involved in lymphocyte recognition of
high endothelial venules in man. / . Immunol.

141: 1615.

Jameson, B.A., Rao, P.E., Kong, L.I., Hahn, B.H., Shaw, G.M., Hood, L.E., and Kent,
S.B.H. (1988). Location and chemical synthesis of a binding site for HIV-1 on the
CD4 protein. Science.

240: 1336.

Janeway, C. (1989). Immunogenicity signals 1,2,3...and 0. Immunol. Today

10: 283.

Janossy, G., Bofill, M., Rowe, D., Muir, J., and Beverley, P.C.L. (1989). The tissue
distribution of T lymphocytes expressing different CD45 polyprptides.
Immunol. 66: 517.
Jenkins, M.K., and Schwartz, R.H. (1987). Antigen presentation by chemically
modified splenocytes induces antigen-specific unresponsiveness in vitro and in
vivo. J. Exp. Med. 165: 3704.
Jenkinson, E.J., Franchi, L.L., Kingston, R., and Owen, J.J.T. (1982) Effect of
deoxyguanosine on the developing thymus rudiment in vitro: application in the
production of chimeric thymus rudiments. Eur..J. Immunol. 12: 583.
Jenkinson, E.J., Kingston, R., Smith, C.A., Williams, G.T., and Owen, J.J.T. (1989).
Antigen-induced apoptosis in developing T cells: a mechanism for negative
selection of the T cell repertoire.. Eur. J. Immunol. 19:

2175.

Jeme, N.K. (1974). Clonal selection in a lymphocyte network.
Soc. Gen. Physiol. Ser. 29: 39.
Jin, Y.-J., Kaplan, D.R., White, M., Spagnoli, G.C., Roberts, T.M., and Reinherz, E.L.
(1990). Stimulation via CD3-Ti but not CD2 induces rapid phosphorylation of a 68kDd protein in the human Jurkat T cell line. / . Immunol.

144: 647.

June, C.H., Ledbetter, J.A., Rabinovitch, P.S., Martin, P.J., Beatty, P.G., and Hansen,
J.A. (1986). Distinct patterns of transmembrane calcium flux and intracellular
calcium mobilisation after differentiation antigen clusters 2 (E rosette receptor)
or 3 (T3) stimulation of human lymphocytes. J. Clin. Invest.

77: 1224.

Jung, T.H., Gallatin, W.M., Weissman, I.L., and O'Dailey, M. (1988). Down regulation
of homing receptors after T cell activation. / . Immunol.

141: 4110.

Kabelitz, D. (1990). Do CD2 and CD3-TCR T-cell activation pathways function
independently? Immunol.

Today

11: 44.

Kammer, G.M. (1988). The adenylate cyclase-cAMP-protein kinase A pathway and
regulation of the immune response. Immunol.

Today

9: 222.

Kanof, M.E., and James, S. (1988). Leu-8 antigen expression is diminished during
T cell activation but does not correlate with effector function of activated
lymphocytes. J. Immunol.

140: 3701.

Kansas, G.S., Wood, G.S., Fishwild, D.M., and Engleman, E.G. (1985).

Functional

characterisation of human T lymphocyte subsets distinguished by anti Leu-8.
J. Immunol. 134: 2995.
Kappler, J.W., Roehm, N., and Marrack, P. (1987) T cell
elimination in the thymus. Cell

tolerance by clonal

49: 273.

Kappler, J., Kotzin, B., Herron, L., Gelfand, E. W., Bigler, R. D., Boylston, A., Carrel,
S., Posnett, D. N., Choi, Y., and Marrack, P. (1989). Vp specific stimulation of human
T cells by staphylococcal toxins. Science

244: 811.

Kelso, A., and Gough, N.M. (1988). Coexpression of granulocyte-macrophage
colony-stimulating

factor,

y interferon,

and interleukins 3 and 4 is random in

murine alloreactive T-lymphocyte clones. Proc. Natl. Acad. Sci. U.S.A. 85: 9189.
Kelso, A. (1989). Cytokines: structure, function and synthesis.
Curr. Op. Immunol. 2: 215.
Kisielow, P., Hurst, J., Shiku, H., Beverley, P.C.L., Hoffman, M.K., Boyse, E., and
Oettgen, H. (1975). Ly antigens as markers for functionally distinct
subpopulations of thymus derived lymphocytes in the mouse. Nature

253: 219.

King, P.D., Batchelor, A.H., Lawlor, P., and Katz, D.R. (1990). The role of CD44, CD45,
CD45RO, CD46, and CD55 as potential anti-adhesion molecules involved in the

binding of human tonsillar T cells to phorbol 12-myristate 13-acetatedifferentiated U-937 cells. Eur. J. Immunol.

20: 363.

Klausner, R.D., O’Shea, J.J., Luong, H., Ross, J.A., Bluestone, J.A., and Samelson, L.E.
(1987). T cell receptor tyrosine phosphorylation: variable coupling for different
activating ligands. J. Biol. Chem.

262: 12654.

Knapp, W., Dflrken, B., Rieber, P., Stein, H., Gilks, W.R., Schmitt, R.E., and von dem
Borne, A.E.G.K., eds. (1989) Leukocyte typing IV. White cell differentiation
antigens.

Oxford University Press, Oxford.

K6hler, G., and Milstein, C. (1975). Continuous cultures of fused cells secreting
antibody of pre-determined specificity. Nature

256: 495.

Konttinen, Y.T., Bluestein, H.G., and Zvaifler, N.J. (1985). Regulation of the growth
of EBV infected B cells. I.Growth regression by E rosetting cells from VCA positive
donors is a combined effect of autologous mixed leucocyte reaction and activation
of T8+ memory cells. J.Immunol. 134: 2287.
Kozak, R.W., Moody, C.E., Staiano-Coico, L., and Weksler, M.E. (1982). Lymphocyte
transformation induced by autologous cells XII. Quantitative and qualitative
differences between human autologous and allogeneic reactive T lymphocytes.
J.Immunol. 128 : 1723.
Kupfer, A.,

Singer, S.J., Janeway, C.A., and Swain, S.L. (1987). Coclustering of CD4

(L3T4) molecule with the T cell receptor is induced by specific interaction of
helper T cells and antigen-presenting cells. Proc. Natl. Acad. Sci. U.S.A. 84: 5888.
Kyewski, B.A., Jenkinson, E.J., Kingston, R., Altevogt, P., Owen, M.J., and Owen,
J.J.T. (1989). The effects of anti-CD2 antibodies on the differentiation of mouse
thymocytes. Eur. J . Immunol. 19: 951.
Lamarre, D., Capon, D.L., Karp, D.R., Gregory, T., Long, E.O., and Sekaly, R.P. (1989a).
Class II MHC molecules and the HIV gpl20 envelope protein interact with
functionally distinct regions of the CD4 molecules. EMBO J.

8:3271.

Lamarre, D., Ashkenazi, A., Fleury, S., Smith, D.H., Sekaly, R.P., and Capon, D.L.
(1989b). The MHC-binding and gpl20-binding functions of CD4 are separable.
Science

245:743.

Lampson, L.A., and Levy, R.

(1980). Two populations of Ia-like molecules on a

human B cell line. J.Immunol. 125 :293.
Landau, N. R., Warton, M., and Littman, D.R. (1988). The envelope glycoprotein of
the human immunodeficiency virus binds to the immunoglobulin-like domain of
CD4. Nature 334: 159.
Landay, A., Gartland, G.L., and Clement, L.T. (1983).

Characterisation of a

phenotypically distinct subpopulation of Leu-2+ cells that suppresses T cell
proliferative responses. J. Immunol. 131: 2757.
Lanzavecchia, A. (1988). Clonal sketches of the immune response. EMBO J.

7: 2945.

Lassila, O., Vainio, O., and Matzinger, P. (1988). Can B cells turn on virgin T cells?
Nature

334: 253.

Law, D.A., Spruyt, L.L., Paterson, D.J., and Williams, A.F. (1989). Subsets of
thymopoietic rat thymocytes defined by expression of the CD2 antigen and the
MRC Ox-22 determinant of the leukocyte common antigen CD45.
Eur. J. Immunol. 19: 2289.
Lechler, R. I., Norcross, M.A., and Germain, R.N. (1985).

Qualitative and

quantitative studies of antigen presenting cell function usind I-A expressing L
cells. J. Imunol. 135: 2914.
Lechler, R.I., Lombardi, G., Batchelor, J.R., Reinsmoen N., and Bach, F. (1990). The
molecular basis for alloreactivity. Immunol.

Today

11: 83.

Ledbetter, J.A., Tsu, T.T., and Clark, E.A. (1985a). Covalent association between
human thymus leukemia-like antigens and CD8 (Tp 32) molecules.
J. Immunol.

134: 4250.

Ledbetter, J.A., Rose, L.M., Spooner, C.E., Beatty, P.G., Martin, P.J. and Clark, E.A.
(1985b).

Antibodies to common leucocyte antigen p220 influence human T cell

proliferation by modifying IL2 receptor expression. J. Immunol.

135: 1819.

Ledbetter, J.A., Tonks, N.K., Fischer, E.H. and Clark, E.A. (1988a). CD45 regulates
signal transduction and lymphocyte activation by specific association with
receptor molecules on T or B cells. Proc. Natl. Acad. Sci. U.S.A. 85: 8628.
Ledbetter, J.A., June, C.A., Rabinovitch, P.S., Grossmann, A., Tsu, T.T., and Imboden,
J.B. (1988b). Signal transduction through CD4 receptors: stimulatory vs. inhibitory
activity is regulated by CD4 proximity to the CD3AT cell receptor.
Eur. J. Immunol. 18: 525.
Lefkowitz, L. and Waldmann, H. (1979). Limiting dilution analysis of cells in the
immune

system. Cambridge University press, Cambridge.

Lefkowitz, L., Aarden, A., and Corley, R.B. (1980). Ratio-dominance model of
suppression: an analysis by limiting dilution. Im m unol. 41 : 407.
Lefrancois, L., Puddington, L., Machamer, C.E. and Bevan, M.J. (1985).
of cytotoxic

T lymphocyte-specific carbohydrate

differentiaion

Acquisition

antigens.

J. Exp. Med. 162: 1275.
Lefrancois, L., and Goodman, T. (1987). Developmental sequence of T200 antigen
modifications in murine T cells. J. Immunol.

139: 3718.

Lefrancois, L.,Thomas, M.L., Bevan, M.J., and Trowbridge, I.S. (1986).

Different

classes of lymphocytes have different mRNAs for the leucocyte common antigen,
T 200. /. Exp. Med. 163: 1337.
Lewis, D.B., Prickett, K.S., Larsen, A., Grabstein, K., Weaver, M., and Wilson, C.B.
(1988).

Restricted production of interleukin 4 by activated human T cells.

Proc. Natl. Acad. Sci. U.S.A. 85: 9743.
Lindsten, T., June, C.H., Ledbetter, J.A., Stella, G., and Thompson, C. (1989).
Regulation of lymphokine messenger RNA stability by a surface-mediated T cell
activation pathway. Science

244: 339.

Liu, Y., and Miillbacher, A. (1989). Activated B cells can deliver help for the in
vitro generation of antiviral cytotoxic T cells. Proc. Natl. Acad. Sci. U.S.A. 86: 4629.
Lo, D., Burkli, L.C., Widera, G., Cowing, C., Flavell, R.A., Palmiter, R.D., and Brinster,
R.L. (1988). Diabetes and tolerance in transgenic mice expressing class II MHC
molecules on pancreatic beta cells. Cell
Luqman

M, Greenbaum

53: 159.

L A, Carding S, West J, Pasqualini T, and Bottomly, K.

(1989). Normal CD4+ T cell subsets distinguished by phenotype and differential
cytokine production. J. Cell. Biochem. 13A (Suppl.), C256, p234.
MacDonald, H.R., Glasebrook, A.L., Bron, C., Kelso, A., and Cerottini, J.-C. (1982).
Clonal heterogeneity in the functional requirement for Lyt-2/3 molecules on
cytotoxic T lymphocytes (CTL): possible implications for the affinity of CTL
antigen receptors. Immunol.

Rev.

68: 89.

MacDonald, H.R., Cerottini, J.-C., Ryser, J.E., Maryanski, J.L., Taswell, C., Widmer,
M.B., and Brunner, K.T. (1980). Quantitation and cloning of cytolytic T
lymphocytes and their precursors. Immunol.

Rev.

51: 93.

MacDonald, H.R., Schneider, R., Lees, R., Howe, R.C., Acha-Orbea, H., Festenstein, H.,
Zinkemagel, R.M., andHengartner, H. (1988). T-cell receptor
reactivity and tolerance to MLSa-encoded antigens. Nature

Vp use predicts
332: 40.

MacDonald, H.R., and Lees, R.K. (1990) Programmed cell death in autoreactive
thymocytes. Nature

343: 642.

Mackay, C.R., Marston, W.L., and Dudler, E. (1990). Naive and memory T cells show
distinct pathways of lymphocyte recirculation. J. Exp. Med.

171: 801.

Maddon, P.J., Dalgleish, A.G., McDougal, J.S., Clapham, P.R., Weiss, R.A., and Axel, R.
(1986). The T4 gene encodes the AIDS virus receptor and is expressed in the
immune system and in the brain. Cell . 47: 333.
Makgoba, M.W., Sanders, M.E., Ginther Luce, G.E.., Dunstin, M.L, Springer, T.A.,
Clark, E.A., Mannoni, P., and Shaw, S. (1988). ICAM-1 a ligand for LFA-1 dependent
adhesion of B, T and mueloid cells.

Nature

331: 86.

Makgoba, M.W., Sanders, M.E., and Shaw, S. (1988). The CD2-LFA-3 and LFA-1-ICAM
pathways: relevance to T-cell recognition. Immunol. Today

10: 417.

Malissen, M., Trucy, J., Letoumeur, F., Rebai, N., Dunn, D.E., Fitch, F.W., Hood, L.,
and Malissen, B. (1988). A T cell clone expresses two T cell receptor a genes but
uses one a(i heterodimer for allorecognition and self MHC restricted antigen
recognition. Cell. 55: 49.
Marrack, P., McCormack, J., and Kappler, J. (1989) Presentation of antigen,
foreign major histocompatibility complex proteins and self by thymus cortical
epithelium. Nature 338: 503.
Martorell, J., Vilella, R., Borche, L., and Vives, J. (1987). A second signal for

Tcell

mitogenesis provided by monoclonal antibodies to CD45 (T200).
Eur. J. Immunol.

17: 1447.

Marvel, J., and Maier, A. (1988). CD45R gives immunofluorescence and transduces
signals on mouse T cells. Eur. J. Immunol. 18: 825.
Marvel, J., Poirier, G., and Lightstone, L. (1989). Anti-CD45RA antibodies increase
the

p roliferation

of

interleukin-2/interleukin-2

mouse

T

cells

tp

receptor pathway.

phytohem agglutinin

through

the

Eur. J. Immunol. 19: 2005.

Matis, L.A., Sorger, S.B., McEgliott, D.L., Fink, P.J., and Hedrick, S.M. (1987). The
molecular basis for alloreactivity

in antigen-specific, major histocompatibility

complex-restricted T cell clones. Cell 51: 59.
Matsuyama, T., Anderson, P., Daley, J.F., and Morimoto, C. (1988). CD4+ CD45R+ cells
are preferentially activated through the CD2 pathway. Eur J Immunol. 18: 1473.
Matsuyama, T., Yamada, A., Kay, J., Yamada, K., Akiyama, S.K., Schlossman, S.F., and
Morimoto, C. (1989). Activation of CD4 cells by fibronectin and anti-CD3 antibody.
A synergistic effect mediated by the VLA-5 fibronectin receptor complex.
J. Exp. Med. 170: 1133.
Matzinger, P., and Bevan, M.J. (1977). Why do so many lymphocytes respond to
major histocompatibility antigens? Cell. Immunol.

29: 1.

McMichael, A. J. (ed) 1987. Leucocyte typing III. White cell differentiation
Antigens.

Oxford University Press, Oxford.

Melchers,I.,and Eichmann, K. (1986) T Cell regulation without clonal selection by
antigen? in: Paradoxes in Immunology,

Hoffmann, G.W., Levy, J.G., and Nepom,

G.T., eds. CRC Press, Boca Raton, Florida. pl37.
Mellins, E., Woelfel, M., and Pious, D. (1987). Importance of HLA-DQ and -DP
restriction elements in T-cell responses to soluble antigens: mutational analysis.
Hum. Immunol.

18: 211.

Mercep, M., Weissman, A.M., Frank, S.J., Klausner, R.D., and Ashwell, J.D. (1988).
Activation-driven programmed cell death and T cell receptor
Science

expression.

242: 1162.

Mercep, M., Bonifacino, J.S., Garcia-Morales, P., Samelson, L.E., Klausner, R.D., and
Ashwell, J.D. (1989). T cell CD3-£il heterodimer expression and coupling to
phospoinositide hydrolysis. Science

246: 571.

Merkenschlager, M., Terry, L., Edwards, R., and Beverley, P.C.L. (1988). Limiting
dilution analysis of proliferative

responses in human lymphocyte populations

defined by the monoclonal antibody UCHL1: implications for differential CD45
expression

in T cells memory formation. Eur. J. Immunol. 18: 1653.

Merkenschlager, M., and Beverley, P.C.L. (1989). Evidence for differential
expression of CD45 isoforms by
independent cytotoxic responses:

precursors for memory-dependent and
human CD8 memory CTLp selectively express

CD45R0 (UCHL1). Int. Immunol. 1: 450.
Meuer, S. C., R. E. Hussey, M. Fabbi, D. Fox, O. Acuto, K. A. Fitzgerald, J. C. Hodgdon, J.
P. Protentis, S. F. Schlossman, and E. L. Reinherz. (1984). An alternative pathway
of T-cell activation: a functional role for the 50kD T i l sheep erythrocyte receptor
protein. Cell.

36: 897.

Miller, J.F.A.P., Morahan, G., and Allison, J. (1989). Immunological
approaches using transgenic mice. Immunol. Today

10: 53.

tolerance: new

Mills, G.B., Girard, P., Grinstein, S., and Gelfand, E.W. (1988). Interleukin-2 induces
proliferation of T lymphocyte mutants lacking protein kinase C. Cell

55: 91.

Misko,I.S., Kane, R.G., and Pope, J.H. (1982). Generation in vitro of HLA-restricted
EBV specific cytotoxic human T cells by autologous lymphoblastoid cell lines: the
roles of previous EBV infection and foetal calf serum. Int. J. Cancer. 29: 41.
Mitchison, N.A. (1971). The carrier effect in the secondary response to haptenprotein conjugates. II: Cellular collaboration. Eur. J. Imunol.

1: 18.

Mitchison, N.A. (1987). Immune suppression: an integral property of the immune
system? in: The semiotics o f cellular communication in the immune system.
Sercarz, E., Celada, F., Mitchison, N.A., and Tada, T. eds. Springer Verlag.
Mizukami, T., T. R. Fuerst, E.A. Berger, and B. Moss. (1988). Binding region for
human immunodeficiency virus (HIV) and epitopes for HIV-blocking monoclonal
antibodies of the CD4 molecule defined by site-directed mutagenesis.
Proc. Natl. Acad. Sci. USA. 85: 9273.
Moingeon, P., Chang, H.-C., Wallner, B.P.,

Stebbins, C., Frey, A.Z., and Reinherz,

E.L. (1989). CD2 mediated adhesion facilitates T lymphocyte antigen recognition
function. Nature 339: 312.
Moore, K., and Nesbitt, A.M. (1986). Identification and isolation of OKT4+
suppressor cells with the monoclonal antibody WR16. Im m unol.

58: 659.

Moore, K., and Nesbitt, A.M. (1987). Functional heterogeneity of CD4+ lymphocytes:
two

subpopulations

with

counteracting

immunoregulatory

functions

identified

with the monoclonal antibodies WR16 and WR19. Immunol. 61: 159.
Moretta, L., Webb, S.R., Grossi, C.E., Lydyard, P.M., and Cooper, M.D. (1977).
Functional ananlysis of two human T cell subpopulations: help and suppression of
B cell responses by T cells bearing receptors for IgM (Tp) or IgG (Ty).
J. Exp. Med. 146: 184.
Morimoto, C., Letvin, N.L., Distaso, J.A., Aldrich, W.R., and Schlossman, S.F. (1985a).
The isolation and characterisation of the human suppressor inducer T cell subset.
J. Immunol. 134: 1508.

Morimoto, C., Letvin, N.L., Boyd, A.W., Hagan, M., Brown, H.M., Komack, M.M., and
Schlossman, S.F. (1985b).

The isolation and characterisation of the human helper

inducer T cell subset. J Immunol. 134: 3762.
Morimoto,C., Letvin, N.L., Rudd.C.E., Hagan,M., Takeuchi,T., and Schlossman,S.F.
(1986a). The role of the 2H4 molecule in the generation of suppressor function in
Con-A activated T cells. J .Immunol.

137: 3247.

Morimoto,C., N.L.Letvin, J.A.Diastaso, H.Brown,and S.F.Schlossman (1986b). The
cellular basis for the induction of antigen specific T8 suppressor cells.
Eur..J. Immunol. 16: 198.
Morimoto C., Rudd C.E., Letvin N., and Schlossman S.F. (1987).

A novel epitope of

the LFA-1 antigen which can distinguish killer effector and suppressor cells in
human CD8 cells. Nature

330: 479.

Mosmann, T.R., Cherwinski, H., Bond, M.W., Giedlin, M.A., and Coffman, R.L. (1986).
Two types of murine helper T cell clone. I: Definition according to profiles of
lymphokine activities and secreted proteins. J. Immunol.

136: 2348.

Mosmann, T.R., and Coffman, R.L. (1989). TH1 and TH2 cells: different patterns of
lymphokine production
Ann. Rev. Immunol.

lead to different functional properties.

7: 145.

Mueller, D.L., Jenkins, M.K., and Schwartz, R.H. (1989). Clonal expansion versus
functional clonal inactivation:

a costimulatory

outcome of T cell antigen receptor occupancy.

signalling pathway determines the
Ann. Rev. Immunol.

7: 445.

Mustelin, T., Coggeshall, K.M., and Altman, A. (1989). Rapid activation of the T cell
tyrosine protein kinase pp561ck by the CD45 phosphotyrosine phosphatase.
Proc. Natl. Acad. Sci. USA. 86: 6302.
Mustelin, T., Coggeshall, K.M., Isakow, N., and Altman, A. (1990). T cell antigen
receptor-mediated

activation of phospholipase C requires tyrosine

phosphorylation. Science

247: 1584.

Nakano, N., Hardy, R., and Kishimoto, T. (1987) Identification of intrathymic T
progenitor cells by expression of Thy-1, 11-2 receptor and CD3.
Eur. J. Immunol.

17: 1567.

Nakayama, K., Singer, A., Hsi, E.D., and Samelson, L.E. (1989). Intrathymic
signalling in immature CD4CD8 thymocytes results in tyrosine phosphorylation of
the T-cell receptor zeta-chain. Nature.

341: 651.

Norment, A.M., Salter, R.D., Parham, P., Engelhard, V.H., and Littman, D.R. (1988).
Cell-cell adhesion mediated by CD8 and class I molecules. Nature

336: 79.

Omary, M.B., and Trowbridge, I.S. (1980). Disposition of T200 glycoprotein in the
plasma membrane of a murine lymphoma cell line. J. Biol. Chem. 255: 1662.
Ostergaard, H.L., Kane, K.P., Mescher, M.F., and Clark, W.R. (1987). Cytotoxic T
lymphocyte mediated lysis without release of serine esterase. Nature

330: 71.

Ostergaard, H.L., Shackelford, D.A., Hurley, T.R., Johnsos, P., Hyman, R., Sefton,
B.M., and Trowbridge, I.S. (1989). Expression of CD45 alters the phosphorylation of
lck-encoded tyrosine protein kinase in murine lymphoma T-cell lines.
Proc. Natl. Acad. Sci. USA. 86: 8959.
Ottenhoff T.H.M., Elferink, D.G., Hermans, J., and de Vries, R.R.P. (1985). HLA class
II restriction repertoire of antigen specific T cells. I: The main restriction
determinants for antigen presentation are associated with HLA-DR and not with
DP and DQ. Hum. Immunol. 13: 105.
Paliard, X., de Waal Malefijt, R., Yssel, H., Blanchard, D., Chretien, I., Abrams, J., de
Vries, J.E., and Spits, H. (1988a). Simultaneous production of 11-2, 11-4, and g-IFN by
activated human CD4+ and CD8+ T cell clones. J. Immunol.

141: 849.

Paliard, X., de Waal Malefijt, R., de Vries, J.E., and Spits, H. (1988b). Interleukin-4
mediates CD8 induction on human CD4+ T-cell clones. Nature

335: 642.

Patel, M.D., Samelson, L.E., and Klausner, R.D. (1987). Multiple kinases in signal
transduction: phosphorylation of the T cell antigen receptor.
J. Biol. Chem. 262: 10918.

Peterson, A. and Seed, B. (1988). Genetic analysis of monoclonal antibody and HIV
binding sites on the human lymphocyte

antigen CD4. Cell. 54: 65.

Phillips J.H., Warner, N.L., and Lanier, L.L. (1984). Correlation of biophysical
properties and cell surface antigenic profile of Percoll gradient-separated human
natural killer cells. Nat. Immun. Cell. Growth Regul. 3: 73.
Pilarski, L.M., Gillitzer, R. Zola, H., Shortman, K., and Scollay, R. (1989). Definition
of the thymic generative lineage by selective expression of high molecular
weight isoforms of CD45 (T200). Eur. J. Immunol. 19: 589.
Pingel, J.T., and Thomas, M.L. (1989). Evidence that the leucocyte common antigen
is required for antigen induced T lymphocyte proliferation. Cell.

58: 1055.

Pitzalis, C., Kingsley, G., Haskard, D., and Panayi, G. (1988). The preferential
accumulation of helper-inducer T lymphocytes

in inflammatory

lesions: evidence

for regulation by selective endothelial and homotypic adhesion.
Eur. J. Immunol.

18: 1397.

Ploegh, H.L., Orr, H.T., and Strominger, J.L. (1981). Major histocompatibility
antigens, the human (HLA-A, -B, -C) and murine (H-2K, H-2D) class I molecules.
Cell 24:287.
Pober, J.S., T. Collins, M.A. Gimbrone Jr., R.S. Cotran, J.D. Gitlin, W. Fiers, A.M.
Krensky, S.J. Burakoff, and C.S. Reiss.1983. Lymphocytes recognize human
vascular endothelial and dermal fibroblast la antigens induced by recombinant
immune interferon. Nature 305: 726.
Powrie, F., and Mason, D. (1988). Phenotypic and functional heterogeneity of CD4+
T cells. Immunol. Today

9: 274.

Powrie, F., and Mason, D. (1989). The MRC 0x22" CD4+ T cells that help B cells in
secondary immune responses derive from naive precursors with the MRC
OX22+CD4+ phenotype. J.Exp.Med. 169: 653.
Pulido, R., Cebrian, M., Acevedo, A., Landazuri, A., and Sanches-Madrid, F. (1988).
Comparative biochemical and tissue distribution study of four distinct CD45
antigen specificities. J. Immunol.

140: 3851.

Pullen, A. M., Potts, W., Wakeland, E. K., Kappler, J., and Marrack, P. (1989).
Surprisingly uneven distribution of the T cell receptor VJ3 repertoire in wild mice.
/. Exp. Med. 171: 49.
Qvigstad, E., Moen, T., and Thorsby, E.

(1984). T-cell clones with similar antigen

specificity may be restricted by DR, MT (DC), or SB class II HLA molecules.
Im m unogenetics

19: 455.

Raff, M.C. (1971). Surface antigenic markers for distinguishing T and B
lymphocytes in mice. Transplant. Rev. 6: 52.
Ralph S.J., Thomas M.L., Morton C.C. and Trowbridge I.S. (1987). Structural variants
of human T200 glycoprotein (leucocyte-common antigen). EMBO J.

6: 1251.

Ramila, G. and Erb, P. (1983). Accessory cell-dependent selection of specific T-cell
functions. Nature

304: 443.

Ramila, G. and Erb, P. (1987). Evaluation of accessory cell heterogeneity II. Failure
of dendritic cells to activate antigen-specific T helper cells to soluble antigens.
Eur. J. Immunol.

15: 189.

Rammensee, H.-G., Kroschewski, R., and Frangoulis, B. (1989). Clonal anergy
induced in mature Vp6+ T lymphocytes on immunizing Mls-1^ mice with M ls-la
expressing cells. Nature

339: 541.

Reinherz, E.L. and Schlossmann, S.F. (1980). The differentiation and function of
human T-Iymphocytes. Cell

19: 82.

Reinherz, E.L., Morimoto, C., Fitzgerald, K.A., Hussey, R.E., Daley, J.F., and
Schlossmann, S.F. (1982). Heterogeneity of human T4+ inducer T cells defined by a
monoclonal antibody that delineates two functional subpopulations.
J. Immunol. 128: 463.
Reinherz, E.L. (1985). A molecular basis for thymic selection: regulation of T il
induced thymocyte expansion by the T3/Ti antigen/MHC receptor pathway.
Immunol. Today 6: 75.

Reinsmoen, N.L., and
haplotypes. Hum

Bach, F.H. (1987). T cell clonal analysis of HLA-DR2

Immunol. 20: 13.

Rickinson,A.B., Moss,D.J., and Pope.J.H. (1979). Long-term T cell mediated
immunity to EBV in man. II. Components necessary for regression in virusinfected leucocyte cultures. Int. J. Cancer 23: 610.
Rickinson, A.B., Wallace, L.E., and Epstein, M.A. (1980).HLA-restricted T cell
recognition of EBV infected B cells. Nature

283: 865

Rickinson,A.B., Moss,D.J., Allen,D.J., Wallace,L.E., Rowe,M, and Epstein,M.A. (1981).
Reactivation of EBV specific T cells by in vitro stimulation with the autologous
lymphoblastoid cell line. Int.J.Cancer. 27: 593.
Rickinson A B. (1986).
The Epstein-Barr Virus.

Cellular immunological responses to the virus infection in:
Recent Advances. Epstein, M.A., and Achong, B.G., eds.

Heinemann, London. p75.
Rimm.I.L., Schlossman,S.F., and Reinherz,E.L. (1984) Natural killer-like activity
mediated by activated T lymphocytes. Cell.Immunol. 87: 327.
Rothstein, D., Sohen, S., Schlossman, S.F., and Morimoto, C. (1989). CD4+ CD45R+ and
CD45R- subsets in man remain distinct after activation with ConA.
FASEB J. 3: A1272.
Rudd, C.E., Trevillyan, J.M., Dasgupta, J.D., Wong, L.L., and Schlossman, S.F. (1988).
The CD4 receptor is complexed in detergent lysates to a protein-tyrosine kinase
from human T lymphocytes. Proc. Natl. Acad. Sci. USA.

85: 5190.

Russel, J.L. (1983). Internal disintegration model of cytotoxic lymphocyte-induced
target damage. Immunol. Rev.

72: 97.

Ryser, J.E., and MacDonald, H.R. (1979). Limiting dilution analysis of alloantigenreactive T lymphocytes. I: Comparison of precursor frequencies for proliferative
and cytolytic responses. J. Immunol. 122: 1691.
Saga Y, Tung J.-S., Shen F.-W., and Boyse, E.A. (1987). Alternative use of 5' exons in
the specification of Ly-5 isoforms distinguishing hematopoietic cell lineages.

198
Proc. Natl. Acad. Sci. U.S.A. 84: 5364.
Saizawa, K., J. Rojo, and C. A.

Janeway. (1987). Evidence for a physical association

of CD4 and the CD3 : a : P T-cell receptor. Nature 328:260.
Salmon,M., Kitas, J.S., Hill Gaston, J.S., and Bacon, P.A. (1988). Interleukin-2
production and response by helper T-cell subsets in man. Im m un ol. 65: 81.
Sanders M.E., Makgoba, M.W., Sharrow, S.O., Stephany, D., Springer, T.A., Young,
H.A., and Shaw, S. (1988).

Human memory T lymphocytes express increased levels

of three cell adhesion molecules (LFA-3, CD-2, LFA-1) and three

other molecules

(UCHL1, CDw29 an Pgp-1) and have enhanced IFN-y production.
J. Immunol. 140: 1401.
Sanders, M.E., Makgoba, M.W., June, C.H., Young, H.A., and Shaw, S. (1989).
Enhanced responsiveness of human memory T cells to CD2 and CD3 receptormediated activation. Eur. J. Immunol. 19: 803.
Santoli, D., Radka, S., Igarashi, M., Kreider, B.L., and Ferrone, S. (1986). Autologous
B lymphoblastoid cell lines and long-term cultured T cells as stimulators in the
mixed lymphocyte reaction: analysis of the
molecules. J. Immunol.

role

of

class II antigens as stimulatory

137: 400.

Sasazuki, T., Kikuchi, I., Matsushita, S., Ohta, N., and Nishimura, Y. (1989).
HLA-linked

immune suppression

in humans.Immunol. Suppl. 2: 21.

Sattentau, Q. J., A. G, Dalgleish, R. A. Weiss, and P. C. L. Beverley. (1986). Epitopes of
the CD4 antigen and HIV infection.Science.

234: 1120.

Sattentau, Q. S., J. Arthos, K. Deen, N. Hanna, D. Healey, P. C. L. Beverley, R. Sweet,
and A. Truneh. (1989). Structural

analysis of the human immunodeficiency

virus-

binding domain of CD4. J.Exp.Med. 170: 1319.
Schraven, B., Roux, M., Hutmacher,

B., and Meuer, S.C. (1989).

Triggering of the

alternative pathway of human T cell activation involves members of the T 200
family of glycoproteins. Eur. J. Immunol.

19: 397.

Schraven, B., Samstag, Y., Altevogt, P., and Meuer, S.C. (1990). Association of CD2
and CD45

on human T lymphocytes. Nature

345: 71.

Schwinder, R., and Wonigeit, K. (1990). Genetically determined lack of CD 45R'T
cells in healthy individuals. J.Exp.Med.
Selvaraj, P., Plunkett, M.L.,

171:

Dustin, M., Sanders, M.E., Shaw, S., and

Springer, T.A.

(1987). The T lymphocyte glycoprotein CD2 binds the cell surface ligand LFA-3.
Nature 326: 400.
Serra, H.M., Krowka, J.F., Ledbetter, J.A., and Pilarski, L.M. (1988). Loss of CD45R
(Lp220) represents a post-thymic T cell differentiation event.
J Immunol. 140: 1435.
Shaw, S., and Luce, G.E.G. (1987). The lymphocyte function associated antigen
(LFA)-l and CD2/LFA-3 pathways of antigen-independent human T cell adhesion.
J. Immunol. 139: 1037.
Singer, A., Cowing, C., Hathcock, K.S., Dickler, H.B., and Hodes, R.J. (1978). Cellular
and genetic control of antibody responses in vitro. Ill: Immune response gene
regulation of accessory cell function. J. Exp. Med. 147: 1611.
Sleckman, B.P., Peterson, A., Jones, W.K., Foran, J.A., Greenstein, J.L., Seed, B., and
Burakoff, S.J. (1987). Expression and function of CD4 in a murine T-cell
hybridoma. Nature.

328:351.

Sleckman, B.P., Peterson, A., Foran, J.A., Gorga, C., Kara, C.J. Strominger, J.L.,
Burakoff, S.J., and Greenstein, J.L. (1988). Functional analysis of a cytoplasmic
domain-deleted mutant of the CD4 molecule. J. Immunol. 141: 49.
Smith, C.A., Williams, G.T., Kingston, R., Jenkinson, E.J. , and Owen, J.J.T. (1989).
Antibodies to CD3AT-cell receptor complex induce death by apoptosis in immature
T cells in thymic cultures. Nature

337: 181.

Smith S., Brown M.H., Rowe, D., Callard, R.E., and Beverley, P.C.L. (1986). Functional
subsets of human helper-inducer cells defined by a new mAb, UCHL1.
Immunol. 58: 63.

Spicket, G.P., Brandon, M.R., Mason, D.W., Williams, A.F., and Woollett, G.R. (1983).
MRC OX-22, a monoclonal antibody that labels a new subset of T lymphocytes and
reacts with the high molecular weight form of the leucocyte common antigen
J. Exp. Med. 158: 795.
Sprent, J., and Schaefer, M. (1989).

Antigen-presenting cells for unprimed T cells.

Immunol. Today 10: 17.
Springer, T.A., Dunstin, M.L., Kishimoto, T.K., and Marlin, S.D. (1987). The
lymphocyte function-associated LFA-1, CD2 and LFA-3 molecules:
the immune system.

Ann. Rev. Immunol.

Cell adhesion of

5: 223.

Sredni, B., and Schwartz, R.H. (1980). Alloreactivity in an antigen-specific T cell
clone. Nature

287: 855.

Staerz, U.D., Rammensee, H.-G., Benedetto, J.D., and Bevan, M.J. (1985)
Characterization of a murine monoclonal antibody specific for an allotype
determinant on the T cell receptor. J .Immunol. 134: 3994.
Strelkauskas, A.J., Callery, R.T., McDowell, J.M., Borel, Y., and Schlossman, S.F.
(1978). Direct evidence for loss of human suppressor cells during active
autoimmune disease. Proc. Natl. Acad. Sci. U.S.A. 75: 5150.
Stoolman, L.M. (1989). Adhesion molecules controlling lymphocyte migration.
Cell 56: 907.
Streuli, M., Hall, L.R., Saga, Y., Schlossman, S.F., and Saito, H. (1987). Differential
use of three exons generates at least five different mRNAs encoding human
leucocyte common antigens. J. Exp. Med. 166: 1548.
Streuli, M., Krueger, N.X., Hall, L.R., Schlossman, S.F., and Saito, H. (1988). A new
member of the immunoglobulin superfamily has a cytoplasmic region
homologous to the leucocyte common antigen. J. Exp. Med. 168: 1553.
Strominger, J.L. (1989). Developmental biology of the T cell receptor.
Science

244: 943.

Swain, S.L. (1983). T cell subsets and the recognition of MHC class.

Immunol. Rev.

74: 129.

Takeuchi T., Rudd C.E., Schlossmann S.F., and Morimoto C. (1987a). Induction of
suppression following autologous mixed lymphocyte reaction: role of a novel 2H4
antigen. Eur. J. Immunol. 17: 97.
Takeuchi T., Schlossmann S.F., and Morimoto C. (1987b). The T4 molecule
differentially regulating the activation of subpopulations of T4+ cells.
J. Immunol. 139: 665.
Taswell, C. (1981). Limiting dilution analysis for the determination of
immunocompetent cell frequencies. J .Immunol. 126: 1614.
Tedder, T.F., Clement, L.T., and Cooper, M.D. (1985a) Human lymphocyte
differentiation antigens HB10 and HB11I. Ontogeny and antigen expression.
J.Immunol. 134: 2983.
Tedder T.F., Clement L.T., and Cooper M.D. (1985b).
differentiation antigens HB-10 and HB-11.

Human lymphocyte

Differential production of B cell

growth and differentiation factors by distinct helper T cell subpopulations.
J. Immunol. 134: 2983.
Terry, L., Pickford, A., and Beverley, P.C.L. (1987).
the CD4+ and CD8+ subsets.

In: Leucocyte Typing III.

Phenotypic heterogeneity of
A.J. McMichael, A.J., ed.

Oxford University Press, p.225.
Terry, L., Brown, M.H., and Beverley, P.C.L. (1988).

The monoclonal antibody,

UCHL1, recognizes a 180,000 M.W. component of the human leucocyte-common
antigen, CD45.

Immunol. 64:331.

Thomas, M.L. (1989). The Leucocyte common antigen family.
Ann. Rev. Immunol.

7: 339.

Thomas, Y., Rogozinski, L., Irigoyen, O.H., Friedman, S.M., Kung, P.C., Goldstein, G.,
and Chess, L. (1981 functional analysis of human T cell subsets defined by
monoclonal antibodies IV: Induction of suppressor cells within the Okt4+
population. J.Exp.Med.

154: 459.

Thomas, Y., Glickman, E., DeMartino, J., Wang, G., Goldstein, G., and Chess, L. (1984).
Biological functios of the Oktl cell surface antigen. J. Immunol.

133: 724.

Tiefenthaler, G., Hiinig, T., Dustin, M.L., Springer, T.A., and Meuer, S.C. (1987).
Purified lymphocyte function associated antigen-3 and T i l
active in CD2-mediated T cell stimulation. Eur. J. Immunol.

target structure are
17: 1847.

Toksoz, D., and Brown, G. (1984). Maintenance of granulocyte-monocyte
progenitor cells in liquid cultures of human foetal liver. J. Cell. Physiol.

119: 227.

Tonks, N.K., Charbonneau, H., Diltz, C.D., Fisher, E.H., and Walsh, K.A. (1988).
Demonstration that the leucocyte common antigen CD45 is a protein tyrosine
phosphatase. Biochemistry

27: 8695.

Tonks, N.K., and Charbonneau, H. (1989). Protein tyrosine dephosphorylation and
signal transduction. TIBS.

14: 497.

Townsend, A.R.M., Gotch, F.M., and Davey, J. (1985). Cytotoxic T cells recognize
fragments of influenza nucleoprotein. Cell

42:457.

Townsend, A.R.M., and Bodmer, H. (1989). Antigen recognition of class I-restricted
T lymphocytes. Ann. Rev. Immunol.

7: 601.

Trowsdale, J., Young, J.A.T., Kelly, A.P., Austin, P.J., Carson, S., Meunier, H., So, A.,
Ehrlich, H.A., Spielman, R.S., Bodmer, J., and Bodmer, W.F. (1985). Structure,
sequence, and polymorphism in the HLA D region. Immunol. Rev.

85: 1.

Uchiyama, T., Broder, S.A., and Waldmann, T.A. (1981). A monoclonal antibody
(anti Tac) reactive with activated and functionally mature human T cells.
J. Immunol.

126: 1293.

Ucker, D.S. (1987). Cytotoxic T lymphocytes and glucocorticoids activate an
endogenous suicide process in target cells. Nature

327: 62.

Unanue, E.R., and Allen, P.M. (1987). The basis for the immunoregulatory role of
macrophages and other accessory cells. Science

236: 551.

Turner, J.M., Brodsky, M.H., Irving, B.A., Levin, S D., Perlmutter, R.M., and Littman, D.R.
(1990). Interaction of N-terminal region of tyrosine kinase p561ck with cytoplasmic
domains of CD4 and CD8 is mediated by cysteine motifs. Cell 60: 755.

Vakkila, J. (1989). Both virgin and memory T cells cluster with dendritic cells
during autologous and allogeneic mixed leucocyte reaction.
Eur. J. Immunol. 19: 1003.
Valge, V.E., Wong, J.G.P., Datlof, B.M., Sinskey, A.J., and Rao, A. (1988). Protein
kinase C is required for responses to T cell receptor ligands but not to interleukin2 in T cells. Cell 55: 101.
van Noesel, C., Miedema, F., Brouwer, M., de Rie, M.A.,

Aarden, L.A., and van Lier,

R.A.W. (1988). Regulatory properties of LFA-1 a and p chains in human Tlymphocyte activation. Nature

333: 850.

van Oers, M.H.J., Pinkster,J., and Zeijlemaker, W.P. (1978) Quantification of
antigen-reactive cells among human T lymphocytes. Eur.J.

Immunol. 8: 477.

van Waue, J.P., De May, J.R., and Goossens, J.G. (1980). Okt3: a monoclonal anti
human T lymphocyte antibody with potent mitogenic properties.
J. Immunol. 124: 2708.
Veillette, A., Bookman, M.A., Horak, E.M., and Bolen, J.B. (1988). The CD4 and CD8 T
cell surface antigens are associated with the internal membrane tyrosine-protein
kinase p561ck. Cell. 55: 301.
Veillette, A., Bookman, M.A., Horak, E.M., Samelson, L.E., and Bolen, J.B. (1989).
Signal transduction through the CD4 receptor involves the activation of the
internal membrane tyrosine-protein kinase p561ck. Nature.

338:257.

Vollger, L.W., Tuck, D.T., Springer, T.A., Haynes, B.F., and Singer, K.H.

(1987).

Thymocyte binding to human thymic epithelial cells is inhibited by monoclonal
antibodies to CD2 and LFA-3 antigens. J. Immunol. 138: 358.
von Boehmer, H., Kisielow, P., and Teh, H.S. (1989a). The thymus selects the useful,
neglects the useless and destroys the harmful. Immunol.

Today. 10: 57.

von Boehmer, H., Kisielow, P., Kishi, H., Scott, B., Borgula, P., and Teh, H.S. (1989b).
The expression of CD4 and CD8 accessory molecules on mature T cells is not random
but correlates with the specificity of the ap
Immunol. Rev. 109: 143.

receptor for antigen.

Waldmann,H.(1977) Conditions determining the generation and expression of
helper T cells. Im m unol.Rev. 35 :121.
Wallace, D.L., and Beverley, P.C.L. (1990). Phenotypic changes associated with
activation of CD45RA+ and CD45R0+ T cells. Immunol. 69: 460.
Wallace, L.E., Rickinson, A.B., Rowe, M., Moss, D.J., Allen, D.J., and Epstein, M.A.
(1982). Stimulation of human lymphocytes with irradiated cells of the autologous
EBV transformed cell line.

I. Virus-specific and non-specific components of the

cytotoxic response. Cell.Immunol.

67: 129.

Warlike, R.A., Gatter, K.C., Falini, B., Hildreth, P., Woolston, R.E., Pulford, K., Cordell,
J.L., Cohen, B., De Wolf-Peeters, C., and Mason, D.Y. (1983). Diagnosis of human
lymphoma with monoclonal antileukocyte antibodies. N. Engl. J. Med.

309: 1275.

Weaver, C.T., Hawrylowicz, C.H., and Unanue, E.R. (1988). T helper cell subsets
require the expression of distinct costimulatory

signals by antigen-presenting

cells. Proc. Natl, Acad. Sci. U.S.A. 85: 8181.
Weaver, C.T., and Unanue, E.R. (1990). The costimulatory function of antigenpresenting cells. Immunol.

Today

11: 49.

Weissman, A.M., Ross, P., Luong, E.T., Garcia-Morales, P., Jelachich, M.L., Biddison,
W.E., Klausner, R.D., and Samelson, L.E. (1988). Tyrosine phosphorylation of the
human T cell antigen receptor £-chain: activation via CD3 but not CD2.
J. Immunol.

141: 3532.

White, J., Herman, A., Pullen, A.M., Kubo, R., Kappler, J.W., and Marrack, P. (1989)
The VP specific superantigen Staphylococcal enterotoxin B: stimulation of mature
cells and clonal deletion in neonatal mice. Cell

56: 27.

Willey, A.H., Morris, R.G., Smith, A.L., and Dunlop, D. (1984). Chromatin cleavage in
apaotosis:

Association with condensed chromatin morphology and dependence on

macromolecular synthesis. J. Pathol. 142: 67.

Wilkinson, D., deVries, R.R.P., Madrigal, J.A., Lock, C.B., Morgenstem, J.P.,
Trowsdale, J., and Altmann, D.M. (1988). Analysis of HLA-DR glycoproteins by
DNA-mediated gene transfer.

Definition of DR2b gene products and antigen

presentation to T cell clones from Leprosy patients. J.Exp Med.

167: 1442.

Woollett, G.R., Williams, A.F., and Shotton, D.M. (1985). Visualisation by low angle
shadowing of the leucocyte common antigen, a major cell surface protein of
lymphocytes. EMBO J. 4: 2827.
Yagita, H., Asakawa, J., Tansyo, S., Nakamura, T., Habu, S., and Okumura, K. (1989).
Expression and function of CD2 during murine thymocyte ontogeny.
Eur. J. Immunol. 19: 2211.
Young, J.D.-E., and Liu, C.C. (1988). Multiple mechanisms of lymphocyte-mediated
killing. Immunol.

Today 9: 140.

Zanders, E.D., Lamb, J.R., Feldmann, M., Green, N., and Beverley, P.C.L. (1983).
Tolerance of T cell clones is associated with membrane antigen changes.
Nature

303: 625.

Zinkemagel, R.M., Callahan, G., Althage, A., Cooper, S., Klein, P., and Klein, J.
(1978). On the thymus in the differentiation of H-2 self recognition by T cells:
Evidence for dual recognition? J.Exp.Med. 147: 882.

