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A b stract
T cells are functionally and phenotypically heterogenous. Correlation
of phenotype with function allows the possibility to elucidate the
contribution of T cell subsets in an immune response and opens an avenue
towards more specific immunotherapy in autoimmunity and transplantation.
A particular goal has been to phenotypically identify naive and memory T
cells. In vitro studies in humans had suggested that expression of the
heavy molecular weight isoforms (CD45RA) of CD45, a phosphotyrosine
phosphatase, defined naive T cells. The studies in this thesis set out to
determine if comparable subsets could be identified in the mouse with the
aim of dissecting out the mechanisms involved in the generation of
immunological memory. However, it became apparent that CD45RA did
not simply define naive I cells. Three anti CD45RA antibodies were shown
to split both CD4+ and CD8+ mouse T cell subsets into CD45RA+ and
CD45RA- populations. Assessment of GD45RA as a marker of naive cells
involved determining phenotype in vivo at all stages of maturation and
differentiation as well as functional assessment in vitro and in vivo of
purified CD4+ or CD8+ CD45RA+ and CD45RA- subsets. CD45RA defines
a minority population of thymocytes which, particularly among CD4+ cells,
is too small to account for all thymic emigrants. In the periphery, among
CD4+ cells the CD45RA+ subset is maintained after thymectomy, with
ageing and following transfer and expansion in irradiated hosts, again
suggesting CD45RA is not a marker of naive cells. Indeed, in vivo
CD4+CD45RA+ cells can provide help for secondary responses in an
adoptive transfer assay, albeit not as well as the reciprocal subset. Among
CD8+ cells there is a modest decline in the proportion of CD45RA+ cells
with ageing, thymectomy and cell transfer suggesting that at least a fraction
is naive. Functionally, in vitro, CD8+CD45RA+ cells behave as if naive
when primary and secondary CTL responses to alloantigen are assayed.
However, in vivo studies on T cell receptor transgenic mice show that
CD45RA expression is not confined to naive cells. Lack of appropriate
costimulation is postulated to account for the differences between the in
vitro and in vivo findings. The CD4+CD45RA+ subset is hypo-responsive to
stimulation with PHA or anti CD3 in vitro in the absence of appropriate
costimulatory signals. Furthermore, the subsets differ in their cytokine
production. Overall the data suggest that expression of CD45RA correlates
with the state of activation of a cell rather than its antigenic history and that
the ratio of CD45RA+ to CD45RA- cells is tightly controlled.
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7. General Introduction
It has been recognized for thousands of years that recovery from an
episode of infectious disease is associated with long lasting protection, or
immunity, against a second episode of the same illness (e.g. "Yet it was with
those who had recovered from the disease that the sick and dying found
most compassion. These knew what it was from experience, and had now
no fear for themselves for the same man was never attacked twice - never at
least fatally." - Thucydides,430 B.C.E.). Thus the concept of specific
immunological memory was recognized well before the role of lymphocytes
was known, and provided the basis for vaccination programmes (reviewed
in Parrish, 1965).
Studies on transplantation and recognition of
transplantation tissue demonstrated that the immune system could
discriminate self from non-self (Billingham, et al., 1953; Billingham, et a i,
1956; Gibson & Medawar, 1940). Abnormalities of the immune system can
lead to a loss of self tolerance and autoimmunity. Furthermore, exposure to
an antigen or tissue seen previously i.e. to which the host had been primed,
leads to an accelerated immune response (Medawar, 1944; Medawar,
1945), taken as an indicator of memory for those particular antigens.
Whilst the importance of antibodies in immune responses was
recognized early on, it has only been relatively recently that the cells of the
immune system have been phenotypically and functionally characterized.
Two main compartments have been identified i.e. B and T cells, the former
produced in the bone marrow and providing the humoral arm of the immune
response (Cooper, etal., 1965a; Cooper, et a!., 1965b; Cooper, et a!., 1966)
whilst the latter are produced in the thymus and contribute cell mediated
regulatory and effector functions (reviewed in Good, 1991 ; Miller, 1991).
The first major phenotypic breakthrough came in 1971 when it was
recognized that certain strains of mice generate T cell specific antibodies
when immunized against heterologous thymocytes. Thus T and B cells
could be phenotypically separated, hitherto impossible on the basis of
morphology alone. The cell surface molecule recognized by the antisera
was designated Thy 1 (Raff, 1971 ; Schlesinger, 1972). It became evident
that functional heterogeneity exists within the T cell population. Studies in
the early 1970's with anti sera raised against two surface molecules, Lytl
and Lyt2 demonstrated that these molecules were present on some T cells
and only a very small percentage of B cells. Furthermore, Lyt2 (now known
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as CD8) was present on CTL but not on T helper cells (Cantor & Boyse,
1975a; Cantor & Boyse, 1975b). The advent of monoclonal antibody
technology allowed generation of monospecific antibodies which recognize
particular cell surface molecules (Kohler & Milstein, 1975) and hence
allowed further charaterization of functionally discrete subsets of B and T
cells. Indeed, it was only with this technology that it was possible to raise an
antibody which recognized the reciprocal subset to the Lyt2+ T cells, and
identified the CD4 molecule (White, etal., 1978). CD4 and CD8 define
mutually exclusive subsets of peripheral T cells and together account for
over 95% of such cells. T cells provide the regulatory arm of the immune
response as well as effector cells e.g. helper T cells are required to stimulate
an appropriate B cell response (Mitchison, 1971).
With the recognition of the importance of T cells and their
heterogeneity, a major therapeutic goal has been to generate increasingly
specific agents to abrogate adverse immune responses without impairing an
individual's ability to respond appropriately to infectious agents. Hence, a
very important question in immunology has been to try to identify T cell
molecules, using monoclonal antibodies, which distinguish naive or
unprimed from memory or primed T cells. The studies presented in this
thesis address this question, focusing on the isoformsof the leucocyte
specific membrane glycoprotein, CD45. We will look at the generation of the
mature peripheral T cell repertoire by the thymus, the activation of T cells,
the lymphokines they produce and the nature of T cell memory.
This introduction aims to set the scene for the experiments undertaken
in this thesis. The first section reviews the literature regarding T cell
ontogeny and the role of the thymus in shaping the peripheral T cell
repertoire. The second section is concerned with the phenotype and
function of peripheral T cells together with a more general review of
immunological memory. Finally, there is detailed review of the literature
concerning CD45 at the time of initiating our studies. No introduction can be
all inclusive and in particular I have omitted a detailed discussion of the
biochemistry of T cell signalling and activation.

1,1 T cell ontogeny
Because adult thymectomy had no effect on immune competence, it
had been presumed in the 1950's that the thymus did not contribute to the
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immune system. However, this notion was rebutted by a series of elegant
experiments undertaken in the early 1960's by two independent workers,
Miller in the U.K. and Good in the U.S.A. Whilst studying the mechanisms
involved in the development of a virally transmitted thymus dependent
murine leukemia. Miller thymectomized neonatal rather than adult mice.
Whilst studying clinical immunodeficiency. Good and his colleagues
undertook similar experiments (reviewed in Good, 1991; Miller, 1991).
Together, these experiments demonstrated that the cells produced by the
thymus, later designated I cells, were necessary for the generation of an
immunocompetent animal. Absence of the thymus led to a severe
immunodeficiency syndrome, characterized by atrophic peripheral lymphoid
organs and a deficiency of peripheral lymphocytes. Such animals only
survived if maintained under germ free conditions. Furthermore, neonatally
thymectomized mice were rendered tolerant to subsequent alio- and xeno
grafts.
Subsequently, it was demonstrated that there are two lineages of
lymphocytes, namely T cells produced by the thymus and B cells produced
by the bone marrow (reviewed in Cooper, etal., 1968).
1.1.1 Bone marrow stem cells
In 1956 Ford ef a/demonstrated that animals which receive a lethal
dose of irradiation suffer bone marrow failure unless "rescued" by injection of
unirradiated bone marrow cells (Ford, etal., 1956). Subsequently, it was
demonstrated that such reconstitution led to replenishment of all myeloid
and lymphoid cell types which were of donor origin (Micklem & Loutit, 1966).
The demonstration that bone marrow contained progenitor cells for both
myeloid and lymphoid cells provided the justification for the first bone
marrow transplants undertaken to treat children with severe combined
immune deficiency (reviewed in Good, 1991). The next step was to try to
identify which populations of bone marrow cells are truly pluripotent. By
definition, haematopoietic stem cells have to have both a self renewal
capacity which can lead to long term blood cell production and a
differentiation potential to generate all blood cell types. Recent experiments
which assessed stem cell activity in different fractions of bone marrow cells
have determined the phenotype of such cells to be Thyl ioLin-Sca-1 +(Uchida
& Weissman, 1992). Whilst it had been clear for some years that stem cells
would only account for a minority of bone marrow cells (reviewed in
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Heimfeld, etal., 1989), this same study emphasises just how few are
necessary to reconstitute lethally irradiated mice. As few as 50-100
T h y l ioLin Sca-1 + cells are capable of radioprotection and long lasting
reconstitution of such animals (Uchida & Weissman, 1992) and reviewed in
Ikuta, etal., 1992). In percentage terms, this implies that 99.95% of bone
marrow cells do not possess stem cell activity. These numbers highlight an
important issue in immunology - subsets small enough to be overlooked
may be of great functional consequence.
1.1.2 Thymic precursors
Determining the phenotype of the earliest thymic immigrants and those
with the greatest T cell precursor potential has proven difficult. Irradiation
leads to rapid cell loss and shrinkage of the thymus (Blomgren & Andersson,
1971). Following such treatment, studies have shown that, in contrast to the
bone marrow, the thymus does not contain a population of self renewing
cells capable of longterm reconstitution of the T cell compartment . This
implies a constant flow of stem cells from the bone marrow to the thymus
(Goldschneider, etal., 1986; Scollay, et al., 1986). The number of cells
seeding the thymus has been the subject of debate and much of the
variation may have depended on the populations used - if the precursor
population is very tiny as suggested by the Uchida data, then impure
populations will lead to an overestimate of the number of cells required.
Recent work by Scollay and Spangrude using highly purified bone marrow
stem cells, each of which has thymic reconstitution potential (Spangrude, et
al., 1988), suggests that the irradiated thymus can only accomodate 50-100
prothymocytes. Hence, they estimate around 100 cells per day immigrate to
the thymus (reviewed in Shortman, etal., 1990). Importantly, these data
suggest that the earliest thymocyte, at least in the irradiated model, has the
phenotype of pluripotent bone marrow stem cell precursors and therefore
would suggest that it is not yet committed to T cell differentiation (reviewed in
Shortman et al., 1990). The surface antigenic phenotype of these cells has
been shown to be: low, but not necessarily negative for CD4 and CD8; low
but definitely positive for Thyl and heat stable antigen (MSA); high for CD44
(pgpl) and positive for stem cell antigen (Sca-1) (reviewed in Shortman et
al., 1990). Recent data suggest that the earliest thymus progenitors may
start to express MSA as they enter the thymus since it is the HSA- fraction of
foetal liver which is greatly enriched for cells which can repopulate
deguanosine treated foetal thymic organ cultures (Bell & Zamoyska, 1991).
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1.1.3 Thymus T cell maturation
Only the most immature thymocytes are capable of homing to the
thymus when injected i.v. More mature thymocytes can however regenerate
the thymus if injected intrathymically (Scollay, etal., 1988). Once in the
thymus immature thymocytes undergo a process of maturation which
generates a population of self tolerant mature T cells expressing on their cell
surface fully rearranged ap oryS TCR, with CD3 as well as CD4 or CD8.
Different developmental steps can be characterized by the patterns of
expression of TCR, CD3, CD4 and CD8 as well as several other surface
antigens (illustrated in figure 1.1).
Although there is evidence to suggest functional and phenotypic
differences between the foetal and adult thymus, the maturation pattern in
the foetal thymus from seeding at day 13 to birth at day 20-21 shows a
developmental pattern similar to that seen in adult with the advantage in
early ontogeny of only having the least mature cells present and cells
maturing in a relatively synchronous fashion. Thus, the ontogeny of foetal
thymocytes provides clues to the ordering of differentiation events. It is now
agreed that the least mature thymocytes, which are nevertheless committed
to become T cells, do not express CD4 or CD8, based on a wide variety of in
wVo and in vitro studies e.g. (Fowlkes, et ai., 1985; Jenkinson, et ai., 1982)
and reviewed in Fowlkes & Pardoll, 1989). This so called double negative
subset is however heterogenous with respect to the expression of other
surface markers. Careful kinetic and repopulation studies (reviewed in
Shortman et ai., 1990) have suggested that the double negative cells which
give rise to more mature thymocytes express the antigens HSA, CD44
(pgpl) and IL2R in the following sequence:
HSA+, IL2R-, CD44+ ^ HSA+, IL2R+, CD44+/- -> HSA+ IL2R- CD44-.
Concomitant with the changing patterns of cell surface antigens, during
the double negative stage the genes for the TCR genes are switched on and
start to undergo rearrangement. The earliest expressed TCR chains are y
and Ô. During murine ontogeny these are switched on at day 14 whereas
the TCR a gene is not turned on until day 17 (reviewed in Winoto, 1991).
Originally it was thought that T stem cells rearranged yb chains and only if
this rearrangement was non-productive did they go on to rearrange ap
TCR's. More recently it has been proposed that stem cells can switch on
either aP rearrangement or yb and that such a switch involves the release of
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inhibition of silencers of the a or y genes. Evidence exists to support both
hypotheses but in general the latter now appears to be favoured (reviewed
in Winoto, 1991).
Whereas the majority of day 13 and day 14 foetal thymocytes have TCR
loci in germline configuration, thereafter progressive rearrangement of all
TCR loci occurs. As implied above, y pairs with 6 and a pairs with p. For
cells that go on to express aP TCR, the p gene is expressed first and
rearranged prior to the a gene. By day 17 >80% of y, p and Ô loci are
rearranged (reviewed in Robey, etal., 1990). Most rearrangement occurs
during the double negative stage of thymocyte development as judged by
Southern blot analysis of both whole populations of murine foetal
thymocytes from different days of gestation and panels of cloned hybridomas
produced by fusion of early stage thymocytes (Born, etal., 1986; Born, etal.,
1988). Only fully rearranged TCR genes can pair, associate with the
multichain complex CDS and be expressed at the cell surface (reviewed in
Ashwell & Klausner, 1990). Hence, because of the difference in timing of
gene rearrangement, in day 14 embryos most expressed TCR's comprise yÔ
chains. However, with time this becomes a minority population and the
majority express aP TCR's such that in an adult thymus y5 TCR's are
expressed on 10% of double negative cells or 1% of total thymocytes
whereas ap TCR is expressed on more than 65% of thymocytes, although
the level of expression depends on the thymocyte subset and the stage of
maturation. Although most rearrangement of TCR genes occurs during the
double negative stage, surface expression is not detected until CD4 and
CD8 are expressed i.e. the double positive stage
The double negative population also contains a population of cells
which express fully rearranged ap TCR's and CDS, are negative for HSA,
and which are remarkably limited in their receptor heterogeneity with over
representation of Vp8 (Budd, etal., 1987; Fowlkes, etal., 1987; Wilson, etal.,
1988). It has been suggested from studies on gene méthylation that such
cells have previously matured through stages expressing CD4 and CD8 but
have subsequently lost these markers. They constitute a population which
slowly accumulates with age and has a very low turnover rate (Shortman et
al., 1990). Their role and significance are not understood.
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The next developmental stage among thymocytes is marked by the
expression of the accessory molecules, CD4 and CD8. Recent data have
shown that prior to expressing both these markers, double negative cells
pass through a stage of expressing either a low level of CD4 (Hugo, et al.,
1991; Matsumoto, etal., 1989) or of CD8 (Macdonald & Howe, 1988;
Paterson & Williams, 1987; Shortman, etal., 1988). Such immature single
positives can be distinguished from mature single positives as they do not
express TCR but do express HSA. Furthermore, in vitro they rapidly give
rise to double positive cells (Nikolic-Zugic, etal., 1989).
Double positive cells constitute the majority of thymocytes. By this
stage the TCR is fully rearranged, expressed at the cell surface and noncovalently associated with CD3, expression of which varies from dull to
bright. The CD3 bhght subset is thought to contain the most mature double
positive cells which then go on to become mature single positive cells. Due
to the difficulty of culturing purified double positive cells in vitro, and prior to
studies with TCR transgenic mice, the evidence that double positive cells
were the immediate precursors of mature single positive thymocytes came
from in wVo studies (Guidos, etal., 1989; MacDonald, etal., 1988; Smith,
1987) as well as manipulation of foetal thymic organ cultures (ZunigaPflucker, et al., 1989). Most double positive cells die in vivo and cannot be
maintained in culture in vitro (Guidos etal., 1989; Petrie, etal., 1990; Scollay
&K., 1984).
Recent data from transgenic mice has provided evidence that the MHC
specificity of the TCR dictates whether a double positive cell becomes a CD4
or a CD8 single positive (Robey, et al., 1991). Thus, under this "instruction"
model, a TCR which recognizes antigen in the context of MHC class II will
become CD4+ whilst one which recognizes antigen presented by MHC class
I will become CD8 (Robey et al., 1991). Mature single positive thymocytes
are located in the thymic medulla in contrast to more immature cells which
are present in the cortex (Shortman, et al., 1987). The exact route of exit is
still unclear but mature single positive cells begin to seed the periphery in
the first few days of neonatal life in the mouse (Scollay & K., 1984). A
fascinating recent study has shown this emigration to be an active process
dependent on a G protein. Mice transgenic for expression of pertussis toxin
under the control the p56^^^ promoter express the toxin in a lymphocyte
specific manner. In such mice, thymocyte maturation is normal but there are
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few peripheral thymocytes and an enormous increase in thymic single
positive cells suggesting that inhibition of a G protein by the toxin prevents
egress of mature thymocytes (Chaffin & Perlmutter, 1991).
1.1.4 The role of the thymus - positive and negative selection
The role of the thymus is not simply generation of thymocytes but
generation of a peripheral I cell repertoire that expresses clonally diverse
TCR's which are tolerant of self and which recognize non-self antigens
presented by self MHC molecules.
Diversity arises from random
rearrangement of the TCR gene segments at the a (VaJa) and (3 (VpDpJp)
loci, nucleotide additions at the joining sites, imprecise joining of the gene
segments, together with recombination of the different chains. These
processes could give rise to a large T cell repertoire of at least 10^ different
specificities, the germline or unselected repertoire (reviewed in Kronen berg,
et al., 1986). Two thymic selection mechanisms have been proposed to
account for shaping the germline repertoire into the peripheral T cell
repertoire. Tolerance to self results from thymic deletion of T cells which
recognize self antigens. Such clonal deletion or negative selection was
originally proposed by Burnet (Burnet, 1959). Recognizing foreign antigen
presented by self MHC requires positive selection of TCR's which recognize
self MHC (reviewed in Schwartz, 1989; Sprent, etal., 1988). Formal
evidence for both processes now exists, but the mechanisms which allow
apparently paradoxical events are less clear.
Data demonstrating negative selection came from studies on normal
mice and on TCR transgenic mice. The development of antibodies to T cell
receptor chains with specificity for self antigens provided the first direct
evidence for negative selection. Staining with an anti TCR mAb recognizing
V p i7 elements showed that, in most l-E positive strains of mice, although
Vp17+ T cells are present at the double positive stage, such cells are absent
from CD4 and CD8 single positive thymocytes and peripheral T cells
(Kappler, etal., 1987). The deleting ligand was shown to be l-E plus an
unspecified so-called superantigen (Marrack & Kappler, 1988). The term
superantigen was coined (White, etal., 1989) to describe antigens which are
recognized in an MHC dependent but non-restricted manner (Speiser, etal.,
1989) and which stimulate one or whole families of TCR Vp elements.
Superantigens in the mouse can be encoded by the mouse i.e. self
superantigens, or exogenous in origin e.g. the bacterial exotoxins (reviewed
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in Herman, et al., 1991). The main family of self superantigens in the mouse
is the minor lymphocyte stimulating (Mis) system first described by
Festenstein (Festenstein, 1973). In vitro, mixing cells from mice which are
MHC identical but bear different Mis alleles generates potent proliferative
responses (Festenstein, 1973). As with superantigens in general, the
frequency of Mis reactive I cells is much higher than for "normal" antigens,
(>10'1 versus 10-4-10-6) (Acha-Orbea & Palmer, 1991). Studies on the
expression of TCR's bearing particular vp elements in the appropriate Mis
strains provided further evidence for deletion of cells in the thymus which
could react with self Mis e.g. Vp6+ and Vp8.1+ T cells are deleted in Mls-1^
mice (Macdonald, et al., 1988). It has now been shown that Mis antigens
and related antigens are the products of by retroviral integrants that are
scattered throughout the mouse genome. Such retroviruses include mouse
mammary tumour viruses (MMTV) (Acha-Orbea, etal., 1991; Choi, etal.,
1991; Dyson, etal., 1991 ; Frankel, etal., 1991 ; Marrack, etal., 1991 ;
Woodland, etal., 1991) and a defective murine leukaemia virus (MuLV)
(Janeway, 1991).
Recent work has shed light as to why these so called superantigens
stimulate so many T cells. Kappler and Marrack's group (Choi, et al., 1990;
Pullen, et al., 1990; Pullen, etal., 1991) have shown that superantigens bind
MHC molecules outside the antigen binding groove on the lateral face of the
Vp surface and interact with MHC molecules, largely as originally postulated
by Janeway (Janeway Jr., et al., 1989). The relevance of superantigens in
shaping the human peripheral T cell repertoire is less clear. Recent data on
TCR Vp usage in the human autoimmune disease rheumatoid arthritis have
suggested that superantigens may indeed play such a role (Paliard, et al.,
1991).
An alternative strategy for demonstrating negative, and indeed positive,
selection has been to use TCR transgenic mice. One of the problems of
determining the fate of specific antigen reactive cells in vivo is the low
frequency of antigen specific T cells. This limitation can be overcome by
generating transgenic mice which can express transgenic TCR a and p
chains early in ontogeny. Under these conditions, most developing T cells
express the transgenic TCR (TG TCR) since expression of endogenous
TCR's is suppressed by the presence of an already rearranged TCR. Whilst
this is not absolute, it does allow the selective processes acting on a large

24

population of T cells expressing the same TCR to be followed in vivo. In a
series of papers, von Boehmer's group describe just such a transgenic
system (reviewed in von Boehmer, et a i, 1989). They generated transgenic
mice expressing an ap TCR derived from a GTL clone which recognizes the
male restricted H-Y antigen in the context of Dh. The transgenic (TG) TOR is
expressed early in ontogeny. If it is expressed in a male mouse on a Dh
background then the developing thymocytes encounter their nominal
antigen in the context of self MHO and are deleted. This negative selection
results in an absence of CDS single positive cells. Furthermore very few
CD4 single positive cells are seen implying that negative selection in these
mice occurs at the double positive stage. If the TG TCR is expressed in a
female mouse on a
background then the developing TG T cells fail to
recognize self MHC and are not selected and again no single positive cells
are seen. In contrast, if the TG TCR is expressed on T cells in female Dh
mouse then these cells are positively selected since they recognize self
MHC but they never encounter antigen i.e. H-Y expressed only in males,
and hence are not negatively selected. Since the TG TCR is specific for
class I the positively selected cells are CD8+CD4-. Overall, the original
studies on these mice demonstrated that positive selection takes place in the
absence of antigen but in the presence of self MHC (summarized in table
1.1). Such studies confirmed much earlier work on irradiated recipients
which had suggested the importance of positive selection in shaping the
peripheral T cell repertoire (Bevan, 1977; Zinkernagel, et ai, 1978).
The timing of positive and negative selection has been the source of
debate. For negative selection, the most important factor would appear to be
the timing of the presentation of antigen. Thus in von Boehmer's system
antigen is present early in male mice and negative selection is seen to occur
at the double positive stage. Self superantigens may be expressed later
and deletion may therefore not occur until the single positive stage (Guidos,
et al., 1990). However, in a study of the kinetics of mature T-cell
development in the thymus, Egerton ef a/suggest that no extensive negative
selection occurs after the mature cells are formed (Egerton, ef a/., 1990).
Positive selection occurs at the double positive stage.
The selective elements in the thymus are thymic epithelial cells and
bone marrow derived macrophages and dendritic cells.
Elegant
experiments by Benoist et al using transgenic mice expressing l-E
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Table 1.1
The thymocyte subset composition seen in the presence of a
transgenic TCR specific for male antigen H-Y presented by
Db.

Class 1

H-Y

Sex

Double

CD8 Single

Type of

positives

positives

selection

M

Very few

No

negative

Db

+

Db

-

F

Yes

Yes

positive

-

F

Yes

No

none

Dd
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transgenes either only on thymic cortical cells or only on medullary cells,
demonstrated that whilst positive selection occurs on cortical thymic
epithelial cells (Benoist & Mathis, 1989b), negative selection can occur both
in the thymic cortex and medulla (Benoist & Mathis, 1989a) and reviewed in
Davis, et ai, 1989).
Thus by the end of the thymic maturation process, clonally diverse
mature I cells emerge which express fully rearranged ap (oryô) IC R 's,
which recognize foreign antigen presented by self MHC, the majority of
which do not react with self and which in general express either CD4 or
CD8. The corollary of such stringent selective processes is that the thymus
must be the site of not only the generation of millions of thymocytes, but also
of the death of most of them. Early studies suggested that most thymocytes
die in situ (Shortman & Jackson, 1974) and more recently it has been shown
that most proliferation and death occurs at the double positive stage
(reviewed in Shortman et a i, 1990). The proposed mechanism for
intrathymic cell death is that of apoptosis or programmed cell death (Kerr, et
a i, 1972). In vitro, cross linking of CD3 in foetal thymic organ cultures
results in apoptosis of the developing thymocytes (Smith, et ai, 1989) and
cultures of double positive thymocytes from TCR transgenic mice also show
evidence of apoptosis after 24 hours in culture (Kisielow, et al., 1991). It was
clear from in vivo studies on effects of irradiation or treatment with
glucorticoid (Blomgren & Andersson, 1971) that the thymus does have the
capacity to eliminate massive numbers of dead thymocytes in a very short
time and that these treatments cause cell death by inducing apoptosis
(Cohen & Duke, 1984; Sellins & Cohen, 1987). However, direct evidence
for such cell death in vivo has only recently been demonstrated (Murphy, et
ai, 1990).
Such observations in vitro and in vivo have been taken as evidence not
only for apoptosis as the mechanism of deletion of thymic T cells, but that
cross linking of the TCR or CD3 serves as a paradigm for the mechanism of
induction of negative selection in ontogeny. However, failure of selection
also results in cell death and it may be that appropriate ligation of the TCR
rescues cells from an otherwise inevitable process. Hence, when studying
bulk populations of double positive thymocytes, anti CD3 treatment may
simply be highlighting the natural fate of an already doomed population of
cells. Some evidence to support this hypothesis comes from recent work

27

using transgenic mice expressing the oncogene bcl-2 on thymic cortical
cells, in contrast to normal mice where it is only expressed on medullary
cells. Expression on cortical thymocytes blocks glucocorticoid depletion of
thymocytes, inhibits irradiation induced cell death and confers resistance to
anti CD3 induced apoptosis but does not block negative selection due to the
presence of l-E and selfsuperantigen (Sentman, et ai, 1991). Thus, soluble
anti CD3 treatment is not the experimental equivalent of negative selection.
Furthermore, the bcl-2 transgenics show a rise in the proportion of single
positive cells which are CD3 high with a concomitant fall in the proportion of
CD3*o cells suggesting that the aberrant transgene expression allows
maturation of cells which would normally die due to lack of positive
selection.
1.1.5 Thymus - paradoxes and conclusions
The paradox of positive and negative selection is: how does apparently
the same interaction, that between TCR and MHC, result in such different
outcomes namely, survival or deletion? The controversy remains, but it is
generally believed that positive selection is the result of low affinity
interactions between TCR and MHC whereas negative selection results from
high affinity interaction between TCR, and MHC presenting self peptide
(reviewed in von Boehmer et ai, 1989). However, data have shown that self
peptides can have a role in positive selection (Fink & Bevan, 1978; NikolicZugic & Bevan, 1990). Furthermore, what differs between the interaction of
TCR and peptide presented by MHC in the thymus compared with that in the
periphery such that in the former the interaction results in cell death whilst in
the latter it leads to activation? Some studies have suggested that the
difference is at the level of the T cell rather than the antigen presenting cell
e.g. (Matzinger & Guerder, 1989) whilst others have suggested that it is the
ligand presented to the T cell which differs (Marrack & Kappler, 1987).
Overall, the emerging hypothesis is that in the thymus, due to immaturity of
the T cell signalling machinery, the net signal generated at different stages
of thymic ontogeny is different from that in the periphery (Helman Finkel, et
a i, 1991; Yagi & Janeway Jr, 1990). Hence, tolerance induction in the
thymus can partly be considered to be the consequence of T cell immaturity
as originally suggested by Lederberg (Lederberg, 1959). However, the
timing of presentation of antigen, the cells which present antigen e.g cortical
epithelium versus medullary dendritic cells, as well as the ability to present
particular epitopes, are also all likely to be critical in determining the
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effectiveness and outcome of ligation of the TCR (e.g Webb & Sprent, 1990
and reviewed in van Ewijk, 1991).
Furthermore, although there is good evidence for both positive and
negative selection among immature thymocytes, it would be rash to claim
that the resultant peripheral I cell repertoire is entirely deleted of T cells able
to recognize self. Indeed, numerous studies have shown that self reactive I
cells exist in the periphery. This may be due to a failure to have been
presented with self antigens during ontogeny, but there is also strong
evidence to suggest that some self reactive T cells escape or evade
selective processes e.g. (Blackman, et al., 1991). Thus mechanisms must
exist to maintain peripheral tolerance among mature T cells. A review of this
complex topic is beyond the scope of this introduction. However, at least
three mechanisms have been demonstrated: failure to present antigen in the
periphery e.g (Cowing, 1985), peripheral anergy of self reactive T cells
(reviewed in Schwartz, 1990), and peripheral deletion of self reactive T cells
e.g. (Rocha & von Boehmer, 1991). Understanding such mechanisms will
have important consequences for the manipulation of unwanted
autoimmune responses.
Thus, developing thymocytes run a gauntlet of selective processes and
most fail to survive. Along the way there is a highly organised sequence of
expression of various cell surface molecules. There is now good evidence
that the successful thymocyte progresses from a double negative progenitor,
through the intermediate stages of immature single positive, double positive
and finally emerges as a mature single positive T cell. The contribution of T
cell surface molecules other than CD3, CD4, CDS and TCR is much less
clear.

1.2 Peripheral T cells
More than 90% of peripheral T cells express either GD4 or CDS
(Reinherz & Schlossman, 1980) and brightly express CD3 and most express
the aP TCR. The antigen binding site of the TCR is formed primarily by the
juxtaposition of six hypervariable polypeptide loops (complementarity
determining regions, or CDRs 1-3) three of which are encoded within each
NH 2 -terminal variable (V) domain of paired a and p chains (reviewed in
Allison & Lanier, 1987). The CDRs interact with MHC class I or II molecules
presenting peptide antigen as schematically represented in figure 1.2.
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Figure 1.2
Schematic diagram of the Interaction between T cell
receptor and MHC class II
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Although central to a specific T cell response, ligation of the TCR by antigen
or antibody is not usually sufficient to induce I cell activation. The
involvement of accessory molecules in adhesion and signalling is also
required to provide the so-called second signal (reviewed in Schwartz,
1989). Furthermore, the presence of particular molecules is associated with
particular T cell behaviour. Hence, in general CDS cells are cytolytic whilst
CD4 cells provide help for T and B cell mediated responses. It has been
evident for many years that the CD4 and CDS subsets are functionally
heterogenous e.g. among CD4+ cells in their ability to provide help for Ig
production, ability to induce suppression and production of lymphokines
(reviewed inAbbas, et al., 1991). Following the advent of monoclonal
antibodies there was an intense search for mAb's which recognized
antigens defining subsets within the CD4 or CDS lineages. The markers
identified thus far have been used to separate T cell subsets according to
functional differences in adhesion, activation, memory and/or lymphokine
production.
1.2.1 Adhesion molecules
Interactions between T cells and ligands on other cells are enhanced
by adhesion and such adhesion has been demonstrated to be mediated by
specific cell surface molecules. Initially the role of CD4 and CDS was
regarded as facilitating adhesion between TCR and class II or class I
respectively. These molecules do indeed have specific adhesive properties
(Fames, at a!., 1990) and moreover, recent data have also suggested that
adhesion leads to signal transduction via the associated phosphotyrosine
phosphatase p56^^^ (reviewed in Rudd, eta!., 1989).
Several other adhesion molecules have been described.

They

structurally belong to three families - the integrins; the immunoglobulin
superfamily; and the selectins (reviewed in Dustin & Springer, 1991). The
major adhesion molecules involved in lymphocyte adhesion are
summarized in table 1.2.
Adhesion molecules have several roles in the immune response, in
particular influencing cell-cell contact, cell migration and cell localization.
Cell-cell contact is critical for many T cell functions and indeed clustering is a
feature of T cells interacting with other T or B or accessory cells (reviewed in
Fisher, et a!., 1989). Dustin and Springer propose that low affinity, antigen
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Table 1.2
Adhesion molecules
Family
Integrins

Adhesion Expression

Ligand

molecule
LFA-1
leucocytes
(a=CD11a
P=CD18)

ICAM-1
1CAM-2

VLA-4
(CD29)

lymphocytes
monocytes

Expression
of ligand
wide

fibronectin

extracellular
matrix

VCAM-1

activated
endothelium

I cells (human
and mice) &
B cells (mice)
wide

LFA-3 (CD58)

wide

CD59
CD2

wide
I cells

ICAM-1*

wide, regulated
by IL-1, TNF &
IFNy

LFA-1

leucocytes

1CAM-2

resting
LFA-1
endothelial cells

leucocytes

MEL-14

lymphocytes,
neutrophils &
eosinophils
activated
endothelium

high
endothelial
venules

References
(Krensky, ef a/., 1983)
reviewed in (Dustin &
Springer, 1991)
(Shimizu, ef a/., 1990),
reviewed in (Dustin &
Springer, 1991)
reviewed in (Osborn,
1990)

CO

Immunoglobulin CD2
superfamily
LFA-3

Selectins

ELAM-1

?
?

(Reinherz, af a/., 1989;
Verbi, etal., 1982)
(Hahn, etal., 1992)
(Dustin & Springer,
1991)
(Buckle & Hogg, 1990;
D u s tin , e ta l., 1986;
Makgoba, etal., 1988;
Simmons, etal., 1988)
(Staunton, ef a/., 1989a)
(G allatin, af a/., 1983;
L a s k y , e ta l., 1989;
Siegelman, af a/., 1989)
reviewed in (Osborn,
1990)

ICAM-1 has also been shown to be the major human rhinovirus receptor (Greve, eta!., 1989; Staunton, etal., 1989b)

independent adhesion events between T cells and other cells are part and
parcel of lymphocyte trafficking. Such events are mediated by CD2/LFA-3
and LFA-1/ICAM-1 or -2 interactions. If no ligation of the TCR occurs then
the cells de-adhere and pass on (reviewed in Dustin & Springer, 1991).
Once the TCR has been ligated, adhesion molecules serve to augment
the interaction. One way of achieving this has been shown to be "inside-out"
signalling whereby activation via the TCR results in an energy dependent
increase in LFA-1 avidity for ICAM-1 which thus increases adhesion
between the two cells (Dustin & Springer, 1989), prior to increased
expression of the adhesion molecules. Increasing adhesiveness facilitates
TCR-ligand interaction. Perhaps just as importantly, this increase in avidity
is transient and thus allows for de-adhesion.
Cell migration has already been referred to. It is important to note that
cell migration is directional and differing adhesion molecule interactions at
the leading edge and training edge will be necessary to allow a cell to
progress (Dustin & Springer, 1991).
Adhesion between lymphocytes and endothelium has been shown to
be critical for migration of lymphocytes through endothelium. Furthermore,
the adhesion ligands on both lymphocytes and endothelium are altered by
the state of activation of these cells and the effects of cytokines (reviewed in
Osborn, 1990). In particular, ICAM-1 is dramatically upregulated on cultured
endothelial cells treated with cytokines and on endothelial cells at sites of
inflammation in situ whereas ICAM-2 is not. T cells adhere more avidly to
stimulated endothelium and this is mediated in part by LFA-1/ICAM-1
interactions but also by via VLA-4 and its inducible endothelial cell ligand
VCAM-1 (Elices, etal., 1990). Adhesion to endothelium is a prerequisite for
gaining entry into tissues. Another more specific mechanism of lymphocyte
adhesion to endothelium is mediated by the so called homing receptors on
lymphocytes and high endothelial venules (HEV). In normal non-inflamed
vessels, lymphocytes only cross into tissues via the specialized HEV. In
mice, the antibody MEL-14 was shown to block binding of lymphocytes to
lymph node HEV and thus prevent entry of lymphocytes into these nodes
(Gallatin, et al., 1983). Subsequent cloning of the MEL-14 antigen has
shown that it contains a lectin binding domain which suggests that cell
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surface carbohydrates may direct lymphocytes to diverse lymphoid organs
(Lasky, etal., 1989; Siegelman, etal., 1989).
Cell localization will thus be partly influenced by the presence or
absence of homing receptors and their ligands. Another important
interaction of lymphocyte adhesion molecules is with extracellular matrix.
V IA 2 interacts with collagen whilst VLA 3 and 4 bind fibronectin (Holzmann,
et al., 1989; Takada, etal., 1988). Such interactions are important not only
in localizing cells but also in the migration of cells in tissues and along
endothelium (Dustin & Springer, 1991). GD44 or pgp-1 is another important
adhesion molecule which has now been shown to bind an extracellular
matrix component, hyaluronate (Aruffo, etal., 1990; Miyake, etal., 1990).
This will be discussed further in section 1.2. 4.
Although such adhesion mechanisms are important in their own right in
augmenting TCR-ligand interactions and directing where lymphocytes travel,
the differing signals delivered by adhesion molecules has been the focus of
recent studies. For example, some adhesion molecules, e.g. CD28, have
been shown to function as alternative, antigen independent activation
pathways for T cells (Moretta, etal., 1985). CD28 functions at several levels:
by inducing increased transcription of IL2, by delaying degradation of the
mRNA of several cytokines including IL2 but not IL4 and by activating PLC
directly (Lindsten, et al., 1989). The ligand for CD28 is the B cell activation
antigen, 87 or BB-1 (Linsley, etal., 1990).
1.2.3 Markers of T cell activation
Activated T cells enlarge i.e. become T cell blasts, as they enter mitosis
and several rounds of cell division. Such activation is accompanied by the
increased expression of some accessory molecules e.g. the adhesion
molecules LFA-3 (Sanders, etal., 1988a), ICAM-1 (Buckle & Hogg, 1990;
Wallace & Beverley, 1990) and CD44 (Budd). Some molecules are
expressed only transiently over the period of activation e.g. transferrin
receptor (Trowbridge & Omary, 1981) and interleukin 2 receptor (IL2R)
(Cantrell & Smith, 1983; Lowenthal, et al., 1985). The latter is widely used
as a marker of T cell, in particular CD4+, activation. Expression of class II is
increased on activated B cells and on activated human but not murine T
cells (Evans, et al., 1978; Ko, etal., 1979; Reinherz, et al., 1979; Yu, etal.,
1980). The reason for this species difference is not known and has
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important implications since expression of class II on T cells may allow
antigen presentation by T cells to other T cells (Hewitt & Feldmann, 1989).
Other antigenic differences have been identified with various mAb on
activated T cells e.g. the 4F2 (Haynes, etaL, 1981) and 49.9 (Cotner, et al.,
1983) antigens, but the significance of these remains unclear.
An important issue and one which is central to this thesis is the
difference between activation and memory and is addressed in more detail
in section 1.3. Suffice to point out at this stage that many of the markers
associated with increased activation of T cells have also been used to
differentiate memory from naive cells.

1.3 Im m unological memory
As mentioned in the introductory paragraph, the existence of
immunological memory has been recognized for millenia. Recently,
phenotypic identification of memory B and T cells has become an important
goal in immunology. Before addressing the role of CD45 in T cell memory it
is worth reviewing how memory is defined, how it is measured and the
similarities and differences between B and T cell memory.
1.3.1 Definition of immunoiogicai memory
Following priming with an antigen, cells are generated which respond
in an accelerated and augmented fashion on re-exposure to the same
antigen but not to a third party antigen. These cells have classically been
considered to be memory cells but can equally be considered to be
"activated" cells. Such a definition includes the concept of specificity for the
antigen as well as alteration of the cells in question in such a manner as to
increase the speed and magnitude of the response the second time around.
It also presumes the presence of a repertoire which allows responses to be
made against widely diverse antigens. Above all, the striking feature of
immunological memory is its duration, up to tens of years for humans
(Rajewsky, 1989). However, in rodents at least, the lifespan of B and I cells
is only weeks and months respectively (Sprent & Basten, 1973). How then
might such memory be maintained? Furthemore, how is such memory
generated?
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During the primary response to antigen, effector cells are generated.
Some of these will be terminally differentiated e.g. antibody secreting
plasma cells, but expanded clones of antigen specific memory cells will also
be produced. It is not clear whether such cells go through an effector phase
or are generated simultaneously with the effector cells. In B cells there is
evidence for both possibilities (reviewed in Vitetta, et al., 1991) whilst the
sequential pathway has been suggested for T cells on the basis of
expression of various phenotypic markers (reviewed in Beverley, 1987).
These possibilities are illustrated in figure 1.3. On re-exposure to antigen,
such memory clones need to be able to rapidly expand and generate
memory effectors. The process of immunological memory implies both
qualitative and quantitative changes in the responding cells.
The obvious first choice mechanism for the generation and
maintenance of memory would be production of long lived memory cells
(Celada, 1971; Gowans & Uhr, 1966) but, as suggested by the rodent data
on lymphocyte life span, this seem unlikely. Indeed, in humans, an early
study on lymphocyte lifespan, which utilized the presence of acentric
chromosome fragments following irradiation, suggested a mean lifespan of
lymphocytes of 18 ± 2 months (Norman, etal., 1965). Yet, immunological
memory in humans is maintained for many years. An alternative is that a
memory cell is more easily activated than a naive cell due to alterations in its
antigen receptor or expression of accessory molecules e.g. (Sanders et al.,
1988a; Sanders, eta l., 1988b). Such altered reactivity allows easier
periodic activation by cross reacting environmental antigens (Beverley,
1990) or anti-idiotypic interactions (Jerne, 1984) resulting in maintenance of
the memory clones by intermittent proliferation. Thirdly, it has been
proposed that it is the antigen itself which is needed to maintain memory e.g.
by periodic réintroduction of the antigen by recurring infection (Mims, 1987)
or by persistence of antigen in specialized reservoirs such as dendritic cells
(Celada, 1971; Tew, etal., 1980). The contribution of these mechanisms in
B and T cell memory is outlined below.
1.3.2 B cell memory
The hallmark of memory B cells is that they express antigen receptors
which have a higher affinity for the antigen against which they have been
primed (Kocks & Rajewsky, 1989). Furthermore, the secondary antibody
response produces antibodies of a different isotype compared with those.
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IgM and IgD, produced in primary responses (reviewed in Vitetta et al.,
1991). The higher affinity of the antigen receptor on memory B cells is the
result of two processes, namely selection of B cells expressing higher affinity
receptors due to utilization of different V genes and somatic mutation of the
antigen receptor V genes (reviewed in Berek & Milstein, 1988; French, etal.,
1989).
Most memory B cell responses are dependent on help from CD4+ T
cells and indeed depletion of I cells results in loss of the memory response
(Jacobsen, eta l., 1974). Certainly, isotype switching appears to be
regulated by lymphokines secreted by T cells. IL4 induces B cells to switch
to production of lgGi or IgE whilst suppressing the expression of IgM, IgGa,
lgG 2 b and lgG2 a- ylFN in contrast influences expression of lgG2 a in LPS
stimulated B cells and suppresses alternative isotypes (reviewed in
Coffman, etal., 1988). Thus the products of Th2 and Thi T cells (see section
1.4) respectively, act as non-competitive antagonists with respect to isotype
expression (Stevens, etal., 1988).
Memory B cells may also be distinguishable by differential expression
of surface markers e.g. they are thought to be J lld io (heat stable antigen)
(Linton, et al., 1989). Furthermore, whilst most B cells express the heaviest
molecular weight isoform of CD45, namely CD45RA, terminally differentiated
effector B cells, plasma cells, express the lowest molecular weight isoform,
CD45RO (Jensen, etal., 1989).
Recent data have also shed light on to the maintenance of memory B
cells. Gray et a/showed that B cell memory for the non-replicating antigen,
DNP, wanes rapidly if primed B cells are transferred into adoptive hosts
without additional DNP thus indicating that non-replicating antigens must
also persist if memory is to be maintained (Gray & Skarvall, 1988).
However, these data do not easily fit with those of Schittek et al who have
shown, using in vivo labelling of cells with BrdU, that following an initial
phase of extensive proliferation after primary immunization, memory B cells
can persist in the organism for extended periods of time in the absence of
cell division (Schitteck & Rajewsky, 1990). It may be that an antigen
dependent low turnover of memory cells is sufficient to maintain the memory
population. Alternatively, the long persisting antigen may provide the B cells
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with a survival signal which prevents apoptosis without inducing cell division
(Raff, 1992).
Memory B cells, once generated, are less T cell dependent and require
less antigen to be activated than naive B cells (reviewed in Feldbush, et al.,
1986). Naive and memory B cells also differ in their location and
consequently in their exposure to and ability to interact with certain cells. In
particular, only activated and memory B cells are able to interact with
follicular dendritic cells which are known to retain antigen antibody
complexes for prolonged time periods and may be the source of continued
exposure to antigen necessary for the maintenance of B cell memory (Tew et
a!., 1980). This leads to accumulation, differentiation and affinity maturation
of memory B cells in germinal centres of lymphoid organs (Berek & Milstein,
1988).
Thus the essential difference between naive and memory B cells is the
affinity and isotype of their antigen receptor. Somatic mutation allows not
only the generation of an extraordinary diversity of antigen receptors but
also flexibility to respond to a constantly changing environment. The
obvious risk of such a flexible system is the generation of autoreactive B
cells. Recent studies using transgenic mice have shown that B cell
tolerance can occur both by elimination and anergy of auto reactive B cells
(GoodnoW; et a!., 1990). However, there is also evidence that tolerance to
many self antigens is maintained only at the level of T cells which results in
failure of the provision of help to potentially autoreactive B cells (reviewed in
Mitchison, 1990). Not surprisingly therefore, the T cell antigen receptor, the
TCR, does not undergo somatic mutation (Kronenberg, etal., 1986).
1.3.3 T cell memory
If the T cell receptor cannot mutate to increase affinity for antigen, what
are the differences between naive and memory T cells? There are some
data suggesting that the TCR after priming may show a higher affinity for
antigen when subsequently activated as suggested by a lower dependence
on CD4 or CD8 e.g. (Budd, etal., 1987b). Very recent studies have
suggested that stimulating the TCR directly with anti TCR mAb results in a
different pattern of T cell responses to those elicited by stimulation with anti
CD3 mAb (Schwinzer, etal., 1992a; Schwinzer, etal., 1992b). However,
without direct studies on the affinity of the TCR much of the early data can
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also be explained by alterations in other surface molecules present on T
cells. Increased expression of adhesion molecules following priming may
then facilitate subsequent activation of such T cells without the necessity for
any alteration in the affinity of the TCR (Sanders et al., 1988a). As described
in section 1.2.1, adhesion molecules play an important role in T cell
activation.
It has also been suggested that memory I cells are long lived.
Comparison of the effects of adult thymectomy with those of in vivo
administration of anti-mouse thymocyte serum (ATS) differentiated two
subsets of peripheral T cells, termed Ti and T2 (Kappler, et al., 1974; Raff &
Cantor, 1971). Ti cells are enriched within thymus and spleen, express
high levels of Thyl, are depleted within 10-12 weeks of adult thymectomy
but are resistant to ATS. This is despite the fact that appropriate doses of
ATS deplete about half the peripheral T cells (Araneo, etal., 1975). Isolated
T 1 cells show little functional activity in short term in vitro assays and
following thymectomy, animals thus depleted of Ti cells are unable to be
primed to new antigens though they respond well to recall antigens. This
led to the suggestion that Ti cells represent precursor naive T cells which
are short lived and replenished by the thymus (Kappler et al., 1974). In
contrast, T 2 cells are enriched in lymph nodes and peripheral blood and
express lower levels of Thyl than Ti cells and are unaffected by
thymectomy.
The T 2 population is especially sensitive to ATS
administration.

If the T2 population is depleted by ATS, mice can still be

primed against new antigens but fail to demonstrate antigen specific
memory for antigens encountered prior to ATS treatment. Thus it was
suggested that T 2 cells were memory cells which had previously
encountered antigen. Indeed, it was shown that the cells remaining after
ATS treatment, namely T i, could be driven into a T 2 phenotype by priming
with antigen (Araneo etal., 1975; Araneo, etal., 1977). Studies on CD8+
CTL showed a similar split, with CTL precursors being insensitive to ATS
and sensitive to adult thymectomy, and a reciprocal pattern for memory CTL
(Duprez, etal., 1984; Zimmerman, etal., 1982).
As discussed in section 1.3.5 naive and memory T cells have also been
identified on the basis of differential expression of particular cell surface
markers. For such markers to be valid as markers of memory rather than
transient activation, those that define naive T cells must be irreversibly lost
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on conversion to memory cells and those that define memory cells must be
stably acquired (reviewed in Cerottini & MacDonald, 1989). Use of such
markers has supported the view that virgin precursor T cells give rise to
memory T cells following exposure to antigen (reviewed in Beverley, 1987).
Another way of addressing differences between naive and memory T
cells is by the cells they interact with and the trafficking routes they take. For
instance, it has been suggested that dendritic cells are uniquely competent
to present antigen to unprimed T cells whereas only memory T cells can
respond to antigen presented by B cells (Hayakawa & Hardy, 1988; Inaba &
Steinman, 1984). This has important consequences for the efficiency of
antigen presentation (reviewed in Lanzavecchia, 1990) as well as possibly
reflecting different cell-cell interactions due to differential expression of
adhesion molecules on the I cells and APC's. As suggested by the Ti /T 2
data, memory cells are found predominantly in the recirculating pool of
lymphocytes which will allow ready access to recall antigens (reviewed in
Yednock & Rosen, 1989).
1.3.4 Measuring memory
The operational definition of memory T cells has already been given. It
comprises an accelerated response on re-exposure to antigen by clonally
expanded cells primed against that particular antigen. The problem lies in
identifying such cells in vitro and in vivo. Most studies are based on priming
in vivo and determining what defines the group of cells able to show a recall
response when restimulated with the antigen in vitro. Thus for subsets
defined by presence or absence of particular markers, the reciprocal subsets
can be purified and restimulated to determine if one or other subset is
associated with an accelerated or augmented response to antigen. The
limitation of such analyses is the assumption that the failure to respond to
recall antigen in vitro is equivalent to lack of priming. It may be that the in
vitro conditions are unsuitable for one population and may only be telling us
about ease of activation under particular condititions and not whether those
cells have been primed against a particular antigen.
Furthemore,
depending on the timing of the assay in relation to the priming and the
persistence of antigen, one subset may represent activated or hyperresponsive cells rather than memory cells.
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Another approach used in vitro, has been that of limiting dilution
assays. These determine the frequency of cells in a population which are
able to respond to a particular antigen (reviewed in Lefkovits & Waldmann,
1984; Waldmann & Lefkovits, 1984). However, an assumption in any
limiting dilution assay is that the cells being tested can grow under such
conditions and again lack of response may not be equivalent to lack of
memory. Another problem in both bulk restimulation assays or limiting
dilution assays is that the response readout is usually proliferation. There is
a school of thought which proposes that some memory cells may function by
secreting lymphokines to direct a recall response and to provide help to
other cells rather than by proliferating themselves. Assays which look at
provision of help to B cells for antibody production largely overcome such
limitations.
Ideally the phenotype of the cells which respond to antigen would be
best defined by in vivo studies. Unfortunately, only certain types of
experiments can be performed in vivo. The phenotype of cells responding to
primary or secondary antigenic stimuli can be studied by transferring
subsets purified according to the marker in question. Their response to
antigen could then be measured directly if they are cytotoxic or indirectly by
looking at antibody production if they are CD4+ helper cells. As with all
assessments of subset function, the critical factors in these studies will be
the purity of the subsets transferred as well as any deleterious effects of the
purification protocol on survival or function of the cells. Until recently it has
been impossible to identify antigen specific T cells in vivo in order to follow
the phenotypic changes associated with exposure to antigen in vivo since
not only is the frequency of antigen responsive cells very low but the identity
of the TCR used is usually not known. Two recent advances have made it
possible to address these issues. One is the identification of the TOR's
involved in responding to superantigens and the other is the development of
TCR transgenic mice. As described in section 1.1.4 the advantage of both
these approaches is that since the specificity of the TCR is known and can
be identified with anti clonotypic or anti vp region mAb's, the response of
large populations of antigen or superantigen specific T cells can be followed
in vivo. This then allows questions to be asked about the expression of
other surface molecules on the responding cells either in primary or
secondary responses with or without cell transfer.
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In the ensuing discussion about memory cells, memory has been
apportioned to particular populations on the basis of: providing help for
antibody responses after priming; proliferation to recall antigen; increased
precursor frequency for recall antigen and/or stable acquisition of particular
surface molecules.
1.3.5 Markers of memory T cells (other than CD45)
MAb's have been used to identify several cell surface antigens which
have been proposed to distinguish naive from memory T cells. Two early
candidates were the antigens Ta1 and Leu-8. LeuB is now known to be the
human homologue of the murine lymph node homing receptor molecule,
MEL-14 (Camerini, etal., 1989). However, the subsets defined by presence
or absence of Leu8 are not completely functionally discrete (reviewed in
Beverley, 1989). Tai identified an antigen of 105kd (CDw26) expressed on
activated I cells, I cell lines and clones. The T cell proliferative response to
recall antigens such as tetanus toxoid and mumps virus resides entirely in
the Tai+ subset of T cells (Fox, etal., 1984; Hafler, etal., 1986). Despite this,
the expression of Tai does not correlate with levels of other markers such as
LFA-3 which have also been used to separate memory and naive subsets
(Sanders et al., 1988a). Latterly, two T cell antigens have emerged as front
runners for separating naive and memory cells: CD44 and the isoforms of
CD45.
The expression of the antigen pgp-1 (Trowbridge, etal., 1982), now
known as CD44, has been extensively studied in the mouse and appears to
define a functional division within CD4 and CD8 T cells. The human
homologue has also been described (Isacke, etal., 1986). In the mouse,
this 95 kd antigen was shown to be present on most bone marrow cells,
some T cells, but few thymocytes, as well as on many non-lymphoid cells
such as lung, brain and liver (Trowbridge etal., 1982). Interestingly, most
early foetal thymocytes express CD44 and the percentage decreases with
increasing foetal age (Lesley, etal., 1985). This almost certainly represents
the altered ratio of double negative cells to other thymocyte populations
during ontogeny. Two colour flow cytometry of thymocyte subsets has
supported this view (Lynch & Ceredig, 1988). Depletion of CD44+ bone
marrow cells abolished thymic repopulation and reduced the number of
spleen colonies in irradiated mice suggesting that prothymocytes are CD44+
(Lesley etal., 1985).
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The earliest suggestion that CD44 might define memory cells arose
from studies on murine CD8+ T cells (Budd et al., 1987b). In these, it was
shown that following immunisation with H-Y antigen virtually all the H-Y
specific CTL precursors (CTLp) were in the CD44+ subset of CD8+ spleen
cells. Furthermore, following alloimmunization the frequency of allospecific
CTLp resistant to inhibition by anti-CD8 antibody was markedly enriched
within the CD44+ subset suggesting an enrichment for CTLp bearing high
avidity antigen receptors. Using a definition of memory T cells as increased
precursor frequency together with higher avidity for the recall antigen it
appeared that CD44+CD8+ cells might represent the memory subset. These
data were extended by determining the effects of thymectomy and in vitro
stimulation (Budd, et al., 1987a). Very few mature thymocytes express CD44
and thymectomy leads to a virtual absence of CD44- cells suggesting that
peripheral CD44- T cells are generated from the thymus. Studies in vivo and
in vitro showed that the subsequent acquisition of surface CD44 was found
to be a stable differentiation event occurring concomitantly with primary
antigenic stimulation (Budd etal., 1987a). These observations were
extended to CD4+ T cells by showing that the minor CD44+ subset of CD4+
cells also contains the antigen specific T helper cells after immunization with
either KLH or SWM (Butterfield, etal., 1989). In keeping with the concept of
CD44 being a marker of memory cells, others demonstrated that CD44hi
cells accumulate with age in mice (Lerner, etal., 1989).
However, although the functional data are compatible with the notion
that expression of CD44 might correlate with a memory phenotype there are
problems. In particular, in the mouse, expression of CD44 varies between
strains, e.g. in BALB/c 41% of thymocytes express CD44 compared to only
3-9% in CBA/CaJ, C57BL/6J and AKR/J mice (Husmann, etal., 1988).
Similarly, in specific pathogen free (SPF) BALB/c mice essentially all
peripheral T cells are CD44+ compared with 25% of CD8+ cells and 15% of
CD4+ cells in C57BL/6 mice (Lynch & Ceredig, 1988). The basis of this
strain difference is not known and it is not clear that such variation in
expression occurs among humans. However, a marker that is strain
dependent is limited in its usefulness in defining functional T cell subsets.
Cloning of the human and murine CD44 molecules (Goldstein, et al.,
1989; Stamenkovic, et al., 1989; Zhou, et al., 1989) revealed that the highly
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conserved NH2 domain of CD44 is homologous to link protein and the core
protein of large proteoglycans both of which can bind the
glycosam inoglycan,
hyaluronate.
Hyaluronate,
like oth er
glycosaminoglycans, participates in the assembly of the extracellular matrix
(ECM) and is thought to play an important role in embryogenesis, wound
healing and inflammation as well as being associated with tumour growth
(reviewed in Sy, etal., 1991). Subsequently it has been shown that
hyaluronate can function as a cell adhesion molecule and that CD44 is the
principal cell surface receptor for hyaluronate (Aruffo etal., 1990; Miyake et
al., 1990). Two isoforms of CD44 have now been described, the 80-90kd
equivalent to the molecule described in the preceeding section and a 150kd
species which does not bind hyaluronate and which is expressed on a
subpopulation of epithelial cells (Stamenkovic et al., 1989). Recent data
have demonstrated that transfection of the 90kd isoform, but not the 150 kd
isoform, into human B cell lymphoma cells greatly enhanced both local
tumor formation and metastatic proclivity of the lymphoma cells (Sy et al.,
1991). Thus, the 90kd isoform of CD44 is an adhesion molecule and
expression may well alter the traffic of the T cells which express it.

1.4 T cell subsets defined by lymphokine production
T cells and APC produce cytokines which in turn act on T cells and
APC.
Complex positive and negative feedback loops have been
demonstrated. In vivo and in vitro, the hallmark of activation of mature T
cells is the production of IL2 by these cells and their expression of IL2R
which allows an autocrine pathway to function (Robb, etal., 1984; Robb, et
al., 1981). IL2, like all cytokines, is pleiotropic but in general it serves to
generate effector cells, be they CD4 or CD8, by stimulating clonal
expansion, proliferation and differentiation, as well as acting on B cells and
APC (reviewed in Cantrell & Crumpton, 1987). The generation of isotype
switch in B cells requires IL4 or ylFN produced by T cells for the switch to
IgGI/lgE or lgG2a respectively (Finkelman, etal., 1988).
In 1986 Mossman ef a/demonstrated that all murine T cell clones
produced either IL2 and ylFN or IL4 and IL5 in a mutually exclusive fashion
(Mossman, e ta l., 1986).

The former group was designated Thi and

concerned with cell mediated immunity and DTH responses and the second,
Th2, providing help for B cells. Since then the waters have been muddied
as clones producing a mix of cytokines have been described (Gajewski, et
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al., 1989) and Th2 clones have been shown in certain instances to have a
role in DTH. Furthermore, the culture conditions in which the clones are
selected, in particular which cytokines are present, have been shown to
affect the cytokine profile of the resulting clones (Gajewski etal., 1989). IFNy
produced by Thi clones inhibits Th2 clones and IL10 produced by the latter
is a potent inhibitor of the former (reviewed in Mossman, etal., 1991).
Moreover, these clones were thought not to represent the situation in vivo
since freshly isolated T cells produce mostly IL2 when stimulated in vitro but
with time acquire the capacity to produce IL4. in situ hybridization studies
have also shown that the same spleen T cell can produce message for IL2
and IL4 (Carding, etal., 1989).
However, in mice, it has been demonstrated that when certain antigens
are administered in vivo, the GD4 repertoire can be pushed into a
predominantly Thi or Th2 pattern according to the antigen given and this
shift in phenotype is associated with disease exacerbation or protection.
Furthermore, the same antigen, given to susceptible (non-healing) and nonsusceptible (healing) mice e.g. Leishmania major Xo BALB/c or C3H/HeN,
will drive the CD4 subsets to the predicted cytokine profile, namely Th2
responses in the non-healing strains and Thi in the healing strains (Heinzel,
et ai., 1989). In general, Thi responses confer resistance to infection and
Th2 susceptibility (reviewed in Coffman, etal., 1991). How the stimulating
antigen generates the switch to Thi or Th2 profiles remains unclear.
Some data have suggested that freshly derived human CD4+ clones
may show a similar split (Rotteveel, etal., 1988). However, most studies
have failed to show such a trend among human T cell clones or freshly
isolated human CD4+ cells but this may reflect inadequate antigen
challenges (compared with antigen + CFA in mice). Indeed there have been
recent reports suggesting evidence for such phenotypes in humans in
certain diseases, e.g. atopic eczema and Lyme arthritis associated with
Borreiia burgdoferi \niecX\on (reviewed in Peltz, 1991). Also, studies
comparing the T cells from skin lesions of patients with resistant
(tuberculoid) leprosy with those from susceptible (lepromatous) leprosy have
suggested that the resistant form was associated with Thi type T cells and
the susceptible with a Th2 phenotype as judged by the mRNA's detected in
these cells (Yamamura, etal., 1991). Furthermore, T cell clones derived
from the different lesions demonstrated that CD4 clones from individuals
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with strong cell-mediated immunity produced mostly IL2 wheras those
clones which enhanced antibody formation produced IL4. Also, cytotoxic
CD8+ clones from such lesions secreted ylFN whilst suppressor CD8+
clones secreted IL4 (Salgame, etal., 1991).
Importantly, although there has been strong data to suggest a clear
functional split in T cells based on lymphokine profiles, this split has not
been unequivocally shown to be associated with a particular cell surface
marker. Studies on purified CD4+ or CD8+ CD44+ and CD44- murine cells
demonstrated that whereas both subsets could produce IL2 in response to
mitogen or alloantigen, only the CD44+ subset produced ylFN (Budd, et a!.,
1987c). More recently the CD4+CD44+ cells in Ipr/lpr mice have also been
shown to produce ylFN and IL4 in response to PMA and ionomycin (Budd, et
a!., 1991). Thus although CD44 is associated with discrete patterns of
lymphokine production, it does not appear to delineate Th1/Th2 cells. It is
also unlikely that the Th1/Th2 split separates naive from memory cells since
cells proliferating in response to recall antigen undoubtedly can produce IL2
and IL4. However, there is evidence that ability to produce cytokines other
than IL2 is associated with maturation of the immune response against an
antigen (Swain, etal., 1988).

1.5 The expression o f CD45 on T cells
In the preceeding overview of I cell function and ontogeny, it is clear
that surface molecules play a critical role in regulating the immune
response. As mentioned, an important goal in immunology in recent years
has been to try to associate different functional states with specific surface
molecules which either act as differentiation antigens or define further
lineage markers. The appeal of this approach lay in the ability to then
manipulate the phenotypically and functionally distinct T cell subsets in
order to further understand the immune response. CD45 has been one of
the central molecules in this quest. This complex molecule, first described in
1975, has proved to have a central role in T cell activation.
1.5.1 CD45 genomic structure -general structure
The cell surface glycoprotein CD45 was first described by Trowbridge
ef a/in 1975 (Trowbridge, etal., 1975). When activated mouse T and B cells
or T and B lymphoid lines were iodinated, lysed and run on an SDS-PAGE
gel, the major cell surface proteins seen ranged in molecular weight from
180 - 220 kd, the lower molecular weight forms being present on T cells,
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(later called T200), and the higher on B cells. These antigens were shown
to be synthesized by the cells and to be present on the cell surface.
Furthermore, these were the major antigens recognized by rabbit anti mouse
lymphocyte serum. Later the Ly-5 antigen system, (Komuro, et al., 1975)
was shown to consist of antigens on the same proteins as those defined by
T200 antibodies (Siadak & Nowinski, 1980).
The determinants
recognized were clearly not identical as Ly-5 is allelically polymorphic
whereas T200 is not. Ly-5 was initially thought to be a marker of T cells
alone. However, more sensitive assays established that the antigens were
present on all cells of haematopoietic lineage except erythrocytes and
proerythroblasts (Scheid & Triglia, 1979). The human homologue of
leucocyte common antigen (LCA) was described in 1980 (Dalchau, etal.,
1980).
It became apparent that there were T and B cell forms of the Ly-5
antigen (Michaelson, et al., 1979). Studies on the biosynthesis of Ly-5 in T
and B cells (Watson, etal., 1981) and peptide mapping (Dunlap, etal., 1980)
suggested that the different forms might arise from a single gene. Studies
using glycosidases and chymotryptic mapping of the B cell and T cell Ly-5
forms showed that these forms were different at the level of protein structure
(Tung, et al., 1984). Similar studies on the LCA in the rat had suggested the
presence of several isoforms and these were thought to be equivalent to the
mouse T200 (Woollett, etal., 1985a). A partial protein sequence for the rat
thymocyte LCA was deduced from cDNA clones in 1985 (Thomas, et al.,
1985). The murine Ly-5 antigen was sequenced in 1986 (Saga, etal., 1986)
and cDNA probes suggested that the Ly-5 isoforms were generated by
differential processing of transcripts of a single gene. The human T200
protein was sequenced in 1987 (Ralph, etal., 1987). In man and mouse, the
gene for LCA is located on chromosome 1 (Ralph etal., 1987; Shen, etal.,
1986) and there is striking similarity in the sequences from all three species
studied.
In all three species LCA, now referred to as CD45 (Cobbold, et al.,
1987), comprises an external N terminal domain of up to ~ 400 residues, a
highly conserved short membrane spanning region of 22 residues and a
very large cytoplasmic domain of 730 residues (reviewed in Thomas, 1989).
The mouse CD45 gene is composed of 34 exons encoding a protein of 1291
amino acids. Transcription can be initiated at either of two exons, la or 1b
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(Saga, et al., 1987). Exon 2 encodes the remainder of the 5' untranslated
region and all of the leader sequence. Exons 3-15 encode amino acid
residues 1-537 of the external domain; exon 16 the membrane spanning
region residues; and exons 17-32 encode residues 576-1178 of the
cytoplasmic domain. Exon 33 is the largest exon and encodes the
remaining residues of the cytoplasmic domain, 1179-1268, and the 3'
untranslated region. Sequences within the extracellular and cytoplasmic
domain are repetitious, suggesting evolution by duplication of a smaller
ancestral gene. Thus, the cytoplasmic domain consists of two tandem
repeats which include stretches of 100-200 nucleotides of 30-50%
homology. Comparison of the sequence of rat CD45 with those from mouse
and human (Thomas etal., 1985) demonstrated an overall amino acid
homology of the external domain of 47% with a nucleotide homology of
67%. The overall homolgy of the external domain between mouse, rat and
human is 35% over 538 amino acids (Thomas, 1989). The transmembrane
regions are identical in amino acid sequence and nucleotide sequence
except for a silent substitution of cytosine for thymidine in LCA at position
1429.
Overall amino acid homology for the cytoplasmic domain is 85%
between the three species. This striking conservation of the cytoplasmic
domain together with its large size and putative phosphorylation sites
(Omary & Trowbridge, 1980) suggested functional importance and, by
analogy with the large cytoplasmic domain of the epidermal growth factor
receptor, suggested a possible role in signalling (Thomas etal., 1985). The
cytoplasmic domain has serine phosphorylation sites (Omary & Trowbridge,
1980) which have been shown to be phosphorylated by PKC (Autero &
Gahmberg, 1987; Shackleford & Trowbridge, 1986). The second domain of
the cytoplasmic region also has putative phosphorylation sites for casein
kinase II

and glycogen synthase kinase 5 (Thomas etal., 1985).

More

recently phosphorylation of CD45 on tyrosine residues has been
demonstrated (Storer, et al., 1991). The cytoplasmic domain interacts with
the cytoskeletal protein, fodrin (Bourguignon, etal., 1985).
1.5.2 Alternative splicing of external domain exons
The different molecular weight isoforms are generated by alternative
splicing of exons 4, 5 and 6 (Lefrancois, etal., 1986; Saga etal., 1987;
Strueli, etal., 1987; Thomas, etal., 1987) which can generate 8 possible
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isoforms. However, several of these would be predicted to have a similar
molecular weight and hence only 4 species are seen on SDS-PAGE
analysis of the proteins (illustrated in figure 1.4). More recently, PCR has
been used to isolate all 8 possible isoform transcripts from a panel of B cell
tumour lines (Saga, et al., 1990a). Another group has shown that additional
exons, 7 and possibly 8, may also be alternatively spliced though it is not yet
clear whether these transcripts are translated and expressed (Chang, et al.,
1991; Chang, etal., 1989).
The control of alternative splicing is incompletely understood but recent
elegant studies by Saga et al (Saga, eta!., 1990b) have shed some light.
Minigenes containing all or part of the three murine optional exons, 3-6,
were transfected into B, T or non-expressor L cells. The results showed that
all genomic information necessary for independent inclusion or exclusion of
each of these exons, is contained within the region including exons 3-7. The
non-expressor L cells exhibited a default pattern, namely deletion of all three
optional exons as seen in the T cells. These data together with the finding
that somatic cell hybrids of B and T cells displayed the B220 isoform, i.e. no
exon splicing, suggested the action of positive transacting factors preventing
splicing. Although, as discussed later, the isoforms are differentially
expressed on different leucocyte lineages, this division is not absolute and it
is therefore unlikely that there are cell type specific factors controlling
splicing. The nature of any factors inhibiting or promoting splicing and their
regulation, remains unknown.
1.5.3 External domain

-

biochemistry

On the basis of sequence data and biochemical data the external
domain can be roughly divided into three subdomains: an 0-linked region
and two separate cysteine rich regions, one of approximately 100 amino
acids and the other of 220 amino acids. CD45 is heavily O- and Nglycosylated. All the 0-linked carbohydrate sites are found in the region of
the sequence encoded by exons 3-7 in the mouse. The protein sequences
of each of the exons in this region are rich in serines, threonines and
prolines and are characteristic of 0-linked glycosylation sites. This is the
region of the optional exons and has the lowest homology between species.
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suggesting that the precise protein structure is not of importance and that the
carbohydrate structures are likely to be of importance. Indeed mAb's CT1
and CT2, which recognize an 0-linked carbohydrate found predominantly
on CD45, bind to determinants which are differentially expressed on T cells
e.g. (Lefrancois & Goodman, 1987).
Furthermore, an early study
demonstrated that the lectin, peanut agglutinin (PNA), which binds p-linked
D-galactosyl groups, binds to CD45 (De Pétris & Takacs, 1983).
The region 3' to the 0-linked region contains 18 cysteins in the mouse
and 16 in the rat and human. The 16 cysteins are highly conserved and,
although the position of disulphide bonds is unknown, suggests that the
tertiary structure of CD45 may also be conserved in the species despite lack
of homology at the amino acid level.
1.5.4 Cytoplasmic domain
In 1988 purification and sequencing of placental phosphotyrosine
phosphatase IB revealed extensive homology with the cytoplasmic domain
of CD45 (Charbonneau, etal., 1988). Subsequently CD45 was shown to
function as a tyrosine phosphatase in vitro and in vivo (Anderson, et ai.,
1990; Ostergaard, et ai., 1989; Ostergaard & Trowbridge, 1990; Tonks, et ai.,
1988). This family of phosphotyrosine phosphatases has rapidly expanded
in size and contains other membrane receptor linked PTPases such as LAR
(Streuli, et ai., 1988) as well as non-receptor linked PTPases (reviewed in
Tonks, 1990). Several of the receptor linked PTPase's have external
domains which have features of adhesion molecules (Streuli, et ai., 1989).
Subsequently, CD45 has been shown to have a critical role in T cell
activation and antibodies to the common determinants or the restricted
isoforms can have both inhibitory (Ledbetter, et ai., 1985; Ledbetter, et ai.,
1988; Tighe, et ai., 1987) and stimulating effects (Ledbetter et ai., 1988;
Marvel, et ai., 1991). Perhaps most importantly, the absence of CD45 results
in a failure to activate via the T cell receptor which can only be restored by
re-expression of cell surface CD45 (Koretzky, et ai., 1990). CD45 has been
shown to regulate TCR-mediated activation of phosphotyrosine kinases and
phospholipase C (reviewed in Weiss, et ai., 1991). Signalling via CD45 and
its role in T cell activation is beyond the scope of this thesis. However, the
importance of this molecule in T cell activation and inactivation, together with
the fact that all isoforms have the same cytoplasmic domain, makes it all the
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more interesting to determine the significance of the differential expression
of the isoforms on T cells. As yet only one ligand for one of the isoforms of
CD45 has been identified, namely the B cell adhesion molecule CD22 binds
the lowest molecular weight isoform of CD45 on T cells (Stamenkovic, et al.,
1991). Much of the data on the effects of CD45 as a signalling molecule, as
well as its links with the cytoskeleton, suggest that the juxtaposition of CD45
with other surface molecules alters the outcome of T cell activation e.g.
(Ledbetter et a/., 1988). Ligands for the different isoforms could therefore
have a critical role in modifying the immune response following T cell
activation.
1.5.5 Expression o f CD45 Isoforms
In all species studied CD45 is expressed on all white cells e.g.
(Springer, 1979). Prior to adopting the name CD45, the nomenclature for
the homologous molecules varied according to the species described and
the cells referred to. Thus in the human the molecules were called leucocyte
common antigen (Dalchau etal., 1980), in the rat LCA (Woollett et al.,
1985a; Woollett, et al., 1985b) and in the mouse 8220 or T200 or Ly5
(Coffman & Weissman , 1981; Kincade, etal., 1981; Komuro etal., 1975;
Trowbridge et al., 1975). 8220 referred to the predominant 220kd band
immunoprecipitated from 8 cells with anti GD45 antibodies. Initially T cells
were thought to only express the low mw isoform as only the lower mw
bands were immonoprecipitated from thymocytes, T cell lines and clones as
well as most T cell leukemias. These different isoforms are now known to be
generated by alternative splicing of exons at the membrane distal portion of
the external domain of a single gene. The new nomenclature clarified at the
III leukocyte typing workshop simplified matters. The family of antigens was
classified as CD45. Antibodies which recognized an antigenic determinant
common to all isoforms were termed anti CD45 whilst those which
recognized determinants restricted to certain isoforms were termed anti
CD45R (Cobbold etal., 1987).
The nomenclature was further clarified by studies which identified the
exons required for expression of antigenic determinants. Streuli et al
(Strueli et al., 1987) showed, using cell lines transfected with exon specific
isoforms of CD45, that 2H4 recognized a determinant of CD45 dependent
on the presence of exon A. Thus, antibodies were grouped according to
which exon was required to allow expression of the determinants they
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recognized e.g. anti CD45RA bound to a determinant dependent on exon A
(illustrated in figure 1.4). The isoform generated by splicing out exons 4(A),
5(B), and 6(C), is now known as CD45RO and thus far there is only one mAb
available, UGHL1 (Smith, et al., 1986; Terry, etal., 1988), which recognizes
the human determinant.
1.5.5.1 Lymphocyte expression of CD45
Studies using both immunoprécipitation and surface staining with anti
CD45 and anti CD45R mAb's in the mouse demonstrated that CD8+ cells
expressed higher mw determinants than CD4+ cells. Furthermore, some
clones were shown to precipitate more than one band suggesting they
expressed more than one isoform. In the mouse, the earliest reports of
staining with the anti B220 mAb demonstrated positive staining only on B
cells and not T cells and hence these markers were considered pre B and B
cell specific in the mouse (Coffman & Weissman, 1981; Coffman &
Weissman, 1981). Other leucocytes were also shown to have specific
staining and immunoprécipitation patterns e.g. granulocytes express only
the low molecular weight isoforms whilst most monocytes and NK cells
express the higher molecular weight isoforms (Terry etal., 1988).
1.5.5.2 Expression of CD45R on murine iymphocytes
Most of the early studies on expression of the isoforms of CD45 on
murine lymphocytes came from biochemical studies using using iodination
with or without antibodies recognizing either Ly5 or the common determinant
of CD45. These were largely trying to establish whether the different
isoforms seen were different at the protein level or differentially glycosylated
(Sarmiento, etal., 1980; Sarmiento, et al., 1982). The data suggested that
expression of the heavy molecular weight molecules altered with
differentiation and the stage of maturation of lymphocytes. In general, B
cells expressed high molecular weight isoforms whilst T cells expressed the
low molecular weight isoforms. Other early studies also suggested an
important functional role for these molecules as anti Ly-5 antibodies
inhibited various lymphocyte effector functions (Harp, etal., 1984; Yakura, et
al., 1983).
Changes in expression of CD45 on murine lymphocytes with
differentiation and activation were reported by Lefrancois et al. His group
developed two monoclonal antibodies, CT1 and CT2, which were initially
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thought to be specific for neoantigens expressed only on a form of CD45
found on activated CTL (Lefrancois & Sevan, 1985b). Expression of the
neoantigens was augmented by addition of IL2 to the cultures. The
antibodies precipitated the higher molecular weight forms of CD45
(Lefrancois & Sevan, 1985b). Interestingly, with each round of restimulation
in MLC, the proportion of higher molecular weight bands increased and
eventually resembled that seen on CTL clones. The CT antigens were not
seen on T helper cells or clones (Lefrancois & Sevan, 1985a), but were
subsequently demonstrated to be present on thymocytes during ontogeny
(Lefrancois & Goodman, 1987).
However, these antibodies were
subsequently shown to be specific for a carbohydrate moiety which is not
restricted to T200 but which is also in the human blood group antigens Cad
and Sda+ (Conzelmann & Lefrancois, 1988).
Overall, these data suggested that the form of CD45 antigens on
lymphocytes might be cell specific and might vary with activation. A
limitation was the lack of mAb which reacted with restricted forms on mouse
T cells. The three commonly used anti-B220 (or anti CD45RA) mAbs, 14.8
(Kincade etal., 1981), RA3-3A1 (Coffman & Weissman , 1981) and RA3-2C2
(Coffman & Weissman, 1981), were described as B cell specific. However,
evidence accrued that some T cells might express the determinants
recognized by these antibodies. Some lymph node cells depleted of lg+
cells could be stained (Kincade et al., 1981) and these were shown to be
only among the CD8+ fraction (Scheid, et al., 1982). The few peripheral T
cells present in nude mice expressed only the high molecular weight
isoforms of CD45 though expression of the 180kd isoform in the periphery
could be restored by grafting a thymus (Traversari, et al., 1987). The only
strain of mouse in which large numbers of Thy1+ cells express the B220 or
CD45RA isoform is M R L/pr//pr
This strain develops a severe
lymphoproliferative disorder characterized by massive lymphadenopathy,
hypergammaglobulinaemia in particular of IgE, vasculitis, and autoantibody
production (reviewed in Cohen & Eisenberg, 1991).

These mice have

defective peripheral T cells most of which which do not express CD4 or CD8
but are all B220+and are recognized by the CD45R mAb 14.8 which
immunoprecipitates the 220 kd isoform from these T cells (Scheid et al.,
1982).
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With the advent of mAb recognizing CD4 and CD8, more detailed
analyses could be undertaken on the expression of CD45 isoforms on
thymic and peripheral T cell subsets. Immunoprécipitation using antibodies
to the common determinants revealed that the heavy molecular weight
isoforms were only seen on single positive thymocytes and not more
immature populations (Lefrancois & Goodman, 1987). However, no CD45R
thymocytes could be seen on FACS analysis. Staining of peripheral CD8+
cells with 14.8 was confirmed whilst RA3-3A1 failed to stain such cells
(Lefrancois & Goodman, 1987). Activation was again shown to effect
expression of CD45 epitopes as RA3-3A1, as well as 14.8, stained long term
functional CTL clones but not Th clones (Lefrancois & Goodman, 1987).
One report however, demonstrated that the CD4+ murine T-cell clone, 2.19,
stained not only with 14.8 but also with RA3-3A1 (Sander, et al., 1988).
Using double staining, the same study showed 25-30% of Thy1+ cells from
normal mouse spleens were also positive for 14.8, but only 2-4% stained
with RA3-3A1 (Sander ef a/., 1988).
At the time of starting the studies in this thesis it was generally held that
there were no antibodies in the mouse which stained the CD45R isoforms of
CD45 expressed on T cells, despite the small but convincing body of
evidence using the mAb 14.8.
1.5.5.3 CD45R expression on rat lymphocytes
In the rat the mAb, MRC-OX-22, recognizes the heavy molecular weight
isoforms of rat CD45 (Spickett, etal., 1983), thought to be equivalent to B220
in the mouse.
However, in contrast to B220 mAb's, this antibody
immunoprecipitates the top three molecular weight bands rather than only
the top two (Woollett etal., 1985b). MRC-OX-22 stains all B cells, all
peripheral thoracic duct (ID ) CD8+ cells and 75% of peripheral CD4+ cells.
However, it only stains 2% of thymocytes and most of these are found at the
corticomedullary junction (Mason, etal., 1983).
1.5.5.4 CD45 isoforms on human iymphocytes
In the human, the earliest CD45R antibody described was 2H4 and this
was shown to stain all B cells, 50-60% of CD8+ cells and, initially, 40-50% of
CD4+ cells (Morimoto, etal., 1985b). The studies on the human CD45R
subsets were taken further with the advent of the mAb UCHL1 (Smith et al.,
1986). Initially this was thought not to recognize a T200 determinant but was
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subsequently shown to recognize the lowest mw isoform of CD45 i.e. 180kd
(Cebrian, et al., 1987; Terry etal., 1988). Furthermore, it is still the only
antibody available in any species which recognizes this isoform. UCHL1
stains most thymocytes, a subset of CD4 and CD8 cells, most T cell lines
and clones, certain I cell leukemias as well as most myeloma cells and
plasma cells and granulocytes (Pulido, etal., 1988; Smith etal., 1986; Terry
et al., 1988). The early studies with UCHL1 showed the CD4+UCHL1 +
subset to be reciprocal to that of the CD4+2H4+ subset. Later studies have
demonstrated variable numbers of CD4+ double positive (2H4+UCHL1+)
cells (Wallace & Beverley, 1990). Studies on the tissue distribution of
CD45R and CD45RO have shown discrete localization of expression
(Janossy, etal., 1989).

1.6 Functional characteristics of CD45R+ and CD45R' T
ceils
Thus, rat and human CD4+ and CD8+ T cells could be further split on
the basis of differential expression of the isoforms of CD45. Functional
studies on these subsets suggested that not only were the capabilities of the
two subsets different, but that they might represent stages along a
maturation pathway.
1.6.1 CD45R subsets in the rat
The earliest studies on the function of the T cell subsets defined by
CD45 isoforms were in the rat using the antibody MRC-OX-22 (OX-22)
(Spickett et al., 1983). OX-22 splits the CD4+ subset into OX-22+ and OX22- subsets which are funtionally dissimilar. CD4+OX-22+ cells mediate
graft versus host disease as assayed by popliteal lymph node enlargement
following injection of parental cells into FI recipients (Spickett et al., 1983).
This subset was also shown to be the only one to produce IL2 in response to
stimulation with Con A (Arthur & Mason, 1986). In contrast, the reciprocal
CD4+OX-22- provides help for B cell production of immunoglobulin in
secondary immune responses (Arthur & Mason, 1986; Mason etal., 1983).
Initially it was also thought that only the CD4+OX-22+ could proliferate in
response to allogeneic stimulators (Arthur & Mason, 1986). However, when
foetal calf serum was used in the cultures instead of rat serum, both subsets
were shown to participate in alloresponses and the OX-22- subset could
produce IL2, albeit less than the 0X-22+ subset (Powrie & Mason, 1988).
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Initial data suggested that OX- 2 2 defined functionally discrete subsets
of CD4+ cells. However, evidence accrued that the 0X-22+ phenotype, once
acquired, is not stable. When congenitally athymic rats are injected with
syngeneic T cells, these cells expand 100-1000 fold to "fill" the lymphoid
system and are maintained for over two years (Bell, etal., 1987; Bell, et a!.,
1989). Both purified CD4+OX-22+ and CD4+OX-22- cells could also expand
under similar conditions. However, regardless of the phenotype of the
injected cells, only CD4+OX-22- cells were recovered 8-10 weeks after
reconstitution (Powrie & Mason, 1988; Powrie & Mason, 1989).
These in vivo studies suggested that the CD4+OX-22+ cells are the
naive precursors of CD4+OX-22- cells. Firstly, it is only those rats
reconstituted with CD4+OX-22+ cells from unprimed animals that are able to
produce a primary antibody response if immunized with DNP-OVA at the
time of reconstitution (Powrie & Mason, 1988; Powrie & Mason, 1989).
Secondly, if purified subsets from animals primed against DNP-OVA 8
weeks previously were transferred into the nudes, then both subsets were
shown to produce antibody in response to rechallenge at the time of transfer
(Powrie & Mason, 1988; Powrie & Mason, 1989) showing that CD4+OX-22could mediate a secondary response. The most convincing evidence, albeit
on one rat only, that the CD4+OX-22+ subset contains naive precursors of
CD4+OX-22- cells came from data showing that only the rat reconstituted
with CD4+OX-22+ cells and primed against DNP-OVA at the same time,
could subsequently mount a secondary response against the antigen 5
months later at which time all the cells are OX-22'. Moreover, this memory
was transferable as judged by adoptive transfer into irradiated syngeneic
recipients (Powrie & Mason, 1989). Further support for a precursor product
relationship came from an earlier study showing that although most CD8 +
cells are OX-22+ , the CD8 + cytotoxic effector cell does not express the OX22 determinant (Dallman, 1982).
However, not all the data are consistent with the hypothesis that OX+ cells are the naive precursors of OX-2 2 ' cells. Firstly, the "naive" subset
produced higher antibody titres in comparison to the "memory' subset when
transferred from primed donors (Powrie & Mason, 1989). The authors
conclude that the responses seen in the CD4+OX-22+ reconstituted rats
22

must represent a failure to purge the naive compartment on initial priming of
the donors and reflect a primary response (Powrie & Mason, 1989).
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However, the data could equally be interpreted as showing that the
CD4+OX-22+ subset might contain memory cells. More importantly, in
contrast to expectation, adult thymectomy of normal rats led to a reduction in
the total percentage of CD4+ cells but not in the percentage of CD4+OX-22+
cells (Arthur & Mason, 1986).
1.6.2 CD45R subsets in the human
In the human, one of the earlier uses of differential expression of CD45
isoforms was to type and stage various malignancies, in particular
lymphomas, myeloma, and leukemias (e.g. Hall, etal., 1988; Mason &
Gatter, 1987; Worner, et a!., 1990). However, it became apparent through a
variety of approaches that amongst lymphocytes, the subsets defined by the
presence or absence of CD45R behaved differently. Three linked areas
emerged : suppressor inducer subsets, naive versus memory subsets and
differential production of lymphokines.
1.6.2.1 CD45R defines CD4+ suppressor Inducers
Two monoclonal antibodies, 2H4 and 4B4, were shown to split the T
cell subset into reciprocal populations with differing functions (Morimoto, et
al., 1985a; Morimoto etal., 1985b). The 2H4 antibody recognizes the
CD45R antigen, mw 220 and 2 0 0 kd (Rudd, etal., 1987a; Rudd, etal.,
1987b). Among CD8 + cells the 220 mw band is predominant whereas the
200 kd isoforms predominate among CD4+ cells, as assessed by
immunoprécipitation (Takeuchi, etal., 1989). The 4B4 antigen, which
defined the reciprocal subset, is a member of the integrin family and is now
known as CD29 (Shaw, 1987).
The ConA stimulated 2H4+ subset was able to induce CD8 + mediated
suppression of Ig production by PWM stimulated lymphocytes and
proliferation in a mixed lymphocyte reaction (MLR) (Morimoto, et al., 1986b).
In contrast, the 2H4-, or 4B4+, was able to provide help for antibody
production following priming with KLH (Morimoto etal., 1985b). Some of
these early studies can be criticized for separating total T cells, rather than
CD4+ or CD8 +cells, into 2H4+ and 2H4- fractions. Thus, there may have
been a confounding influence due to different proportions of CD4 and CD8
cells within each subset. Later however, it was shown that suppression
induction was a property of T cells with the phenotype CD4+2H4+ (Morimoto
et al., 1986b). The early studies showed that anti 2H4 antibodies blocked
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the induction of suppression and furthermore, maximal suppression
correlated with maximal expression of the 2H4 antigen on the suppressor
inducer population at day

2

. Increased doses of ConA led to increased

levels of expression of 2H4 and increased induction of suppression. Hence
the 2H4 antigen was presumed to be critical for the mediation of the
suppression (Morimoto etal., 1986b).
Subsequently, in vitro primary antigen specific responses were
evaluated. Most of the help for antigen specific antibody production could
be accounted for by the CD4+2H4-subset whereas induction of CD8 +
antigen specific suppressor cells required CD4+2H4+ cells (Morimoto, et ai.,
1986a). However, this latter subset was not shown to suppress antibody
production directly.
Whilst the CD4+2H4+ T cell subset failed to proliferate to soluble
antigen it proliferated much more vigorously in an autologous MLR (AMLR)
than the 2H4- subset. Furthermore, the suppressor inducer activity of AMLR
stimulated cells resided in the CD4+2H4+ subset (Takeuchi, et ai., 1986),
again correlated with the level of expression of 2H4 and was abolished by
anti 2H4 added after activation with ConA but prior to addition of PWM
(Takeuchi, et ai., 1987). Later studies showed that anti 2H4 could enhance
or reduce induction of suppression and that although it appeared to do so by
direct effects on the CD4+2H4+ subset, the net effect appeared to depend on
the cells used in culture and the timing of the addition of antibody (Morimoto,
et ai., 1988).
Contrasting results were obtained by Damie et ai (Damie, et ai., 1987).
They had previously shown that whilst both CD4+ Leu8 + and CD4+ Leu8 ‘
cells could proliferate in response to soluble antigen (PPD), antigen specific
induction of suppressor CD8 + cells was associated only with the CD4+
Leu8 + subset (Damie, et ai., 1984). When antigen specific suppression was
looked at in the context of the contribution of CD4+2H4+ and CD4+2H4' cells
in response to the soluble Candida antigen, they showed that the
suppressor inducers had the phenotype CD4+2H4 Leu 8 + (Damie et ai.,
1987). They argued that Leu8 + cells are the true inducers of suppressor
cells and expression of the 2H4 determinant on these cells depends on
whether they have encountered the antigen previously. These data are
difficult to reconcile with the earlier data on antigen specific suppression
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from Morimoto's group (Takeuchi et al., 1986) unless the KLH-DNP system
is regarded as testing a primary response whilst the Candida system tests
recall responses.
Both CD4+2H4+ and CD4+2H4- cells proliferate in response to
alloantigen and produce IL2 (Kalish, etal., 1988). However, only the
CD4+2H4- subset could provide help for PWM stimulated Ig production
(Morimoto et al., 1985a) and for the generation of cytotoxic cells against
allogeneic stimulators (Kalish etal., 1988). This suggested that the
generation of cytotoxic effector cells by the CD4+2H4- required an additional
signal not supplied by IL2 (Kalish et al., 1988). Both the 2H4+ and 2H4subsets of CD 8 + cells could generate cytotoxic effectors in response to
allogeneic stimulation (Takeuchi etal., 1989).
The overall conclusion from the early studies on the subsets defined by
2H4 expression was that the CD4+2H4+ subset contained the suppressor
inducers and the reciprocal subset the helper inducers. Hence, the
reduction in the percentage of CD4+2H4+ cells in the circulation and site of
injury seen in certain diseases e.g multiple sclerosis and rheumatoid arthritis
(Emery, et al., 1987; Morimoto, et al., 1987; Sobel, et al., 1988) was said to
reflect a lack of suppressor inducer cells which in turn results in
autoimmunity. However, such a finding can also be worked within a theory
of naive versus memory cells whereby the reduction in CD4+2H4+ cells
reflects increased conversion to memory CD4+2H4- cells due to the ongoing
immune response (Sanders, etal., 1988b).
1.6.2.2 CD45R distinguishes naive and memory T ceiis
Some of the early data on suppression had already suggested that the
expression of the 2H4 antigen might relate to whether the T cell had been
exposed to antigen or not. The hypothesis arose which suggested that
CD45R+ T cells are naive and, upon exposure to antigen, lose expression of
this CD45 isoform and express the lower molecular weight isoform,
recognized in the human by the antibody, UCHL1 (Sanders et al., 1988b).
Several studies support this hypothesis. The working definition of memory
used by all these studies is that memory cells exhibit an enhanced response
to recall antigens compared to naive cells. One study also addressed the
frequency of antigen specific cells within each subset to look for evidence of
clonal expansion (Merkenschlager, etal., 1988).
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Two early studies set the scene. Ledbetter et al showed that anti
CD45R antibodies augment the proliferation of human PBMC cells
stimulated with suboptimal doses of PHA or with anti CD3 antibodies if IL2 is
not limiting. Treatment with anti CD45R antibodies led to an increase in the
expression of IL2 receptor on the T cells and activation was associated with
a loss of expression of CD45R (Ledbetter et al., 1985). Furthermore,
CD45R- cells were more bouyant when separated on density gradients and
low density is consistent with a more activated phenotype (Ledbetter et al.,
1985). Thus the authors proposed that loss of CD45R represented a post
thymic differentiation event associated with activation. Their data also
suggested an important role for the CD45R molecule in signalling and T cell
activation. Another group, also working with antibodies recognizing the
CD45R antigen on human cells, showed that 50% of circulating lymphocytes
expressed this antigen. Whilst both CD4+CD45R+ and CD4+CD45Rsubsets could proliferate well to a variety of mitogens, only the CD4+CD45Rsubset could provide help for antibody production and proliferate in
response to soluble recall antigen. The authors suggested that the latter
subset might represent memory cells which were derived from the former
subset (Tedder, et al., 1985b). This was supported by a study of expression
of the antigens through ontogeny. Among T lineage cells, the CD45R
antigens were expressed by a subset of relatively mature CD3+ thymocytes
and by greater than 90% of the T cells in newborn blood. In adults, however,
only 65% of blood T cells and 24 to 30% of splenic or tonsillar T cells were
C D 45R +(T edder, e ta l., 1985a). This suggested that post-thymic T
lymphocyte maturation occurs and may be an activation-dependent process
and associated with loss of CD45R antigens (Tedder etal., 1985a). Also, all
B cells except plasma cells expressed the CD45R antigens.
Several subsequent studies showed a similar functional split, namely
that the CD45R+ subset among CD4+ cells could proliferate well in response
to mitogens but only CD45R" cells appeared to respond to recall antigens
such as tetanus toxoid, mumps, PPD or influenza virus (Moore & Nesbitt,
1987; Smith etal., 1986). The maturational relationship between CD45R+
and CD45R- cells became clearer when it was established that UCHL1
binds the lowest molecular weight isoform of CD45 (Cobbold et al., 1987),
and that UCHL1- cells, when stimulated with PHA, become UCHL1 + whilst
expression of the heavy molecular weight isoform, identified with anti 2H4,
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declines (Terry, et al., 1987). It therefore was argued that CD45R+ cells are
the relatively immature precursors of mature UCHL1+ cells, with the latter
subset containing essentially all the memory for recall antigens (Beverley,
1987). Furthermore, such a hypothesis seemed to fit well with the emerging
biochemistry of the isoforms of CD45, namely that alternative splicing of
mRNA generated the different isoforms (Cobbold et a!., 1987). It was
suggested that switching from one pattern of splicing to another may be
linked to maturation or activation in T cells (Beverley, 1987).
Serra et al determined expression of CD45R and GDw29 on purified
CD4+ T cells following stimulation with PHA. They showed that by day 3
expression of CD45R had begun to drop and by day 6 in culture 95% of
CD4+ were CD45R- and CDw29 bright (Serra, e ta l., 1988). Purified
CD4+CD45R+ and CD4+CDw29+ cells were cultured under limiting dilution
conditions in the presence of PHA, TOGF, and irradiated feeder cells. By the
time enough cells had grown to be stained, all the clonal progeny of the
CD4+CD45R+ cells were CD45R' and CDw29 bright, whilst those of the
reciprocal subset remained CD45R' and CDw29 bright (Serra et al., 1988).
This study also looked at expression on CD4+ cells from adults aged 20-40,
41-59 and 60-72 years of age. Expression of CDw29 was largely stable
over this age range but a fall in the percentage of CD4+CD45R+ was seen.
However, this was only from a mean of 20% to a mean of 15% in the oldest
subjects (Serra etal., 1988). Despite this, the fall in CD4+CD45R+ cells was
taken as evidence for exposure to environmental antigens leading to a
switch from CD45R+ to CD45R- phenotype which in turn reflected the
conversion from naive to memory cells. The same study also assessed
expression of CD45R isoforms in the thymus and this is addressed in more
detail in chapter 4. Suffice to say, most thymocytes are CD45R- and dully
express CDw29. However, the few CD45R+ thymocytes appeared to be of a
mature phenotype. On in vitro culture, expression of CD45R increases on
thymocytes but surprisingly, so does GDw29 (Serra et al., 1988). Since
GD45R was expressed only on medullary single positive thymocytes it was
suggested that this was the phenotype of cells about to exit the thymus and
seed the periphery. Overall, their data largely fitted with the concept that
GD45R and GDw29 represent differentiation antigens expressed along a
single differentiation pathway rather than distinct lineages of T cells.
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The relationship between the subsets was highlighted by a further
series of studies. Akbar et al showed that loss of CD45R on bulk I cell
cultures was paralleled by an increase in UCHL1 expression following
activation with PHA and that this appeared to be irreversible in vitro (Akbar,
et a!., 1988). Furthermore, whereas both subsets proliferated equally well in
a primary MLR, when these cells were then separated into CD45R+ and
UCHL1+ fractions, only the latter proliferated when restimulated with the
priming alloantigen (Akbar et al., 1988). Whilst this study is convincing, it
suffers from the use of bulk cultures since alterations in the proportion of
CD4+ and CD8 + cells among the CD45R+ and UCHL1+ could not be taken
into account.

An important technical point was addressed in this study,

namely that the results were the same whether the CD45R+ subset was
selected by either enrichment or depletion. This is important for the data
presented in this thesis. In contrast, positive selection of UCHL1+ cells did
inhibit proliferation of this subset in the secondary MLR (Akbar et al., 1988).
Supporting data were obtained using purified CD4+CD45R+ and CD45Rcells, in this case showing that propagation of the former cells in PHA and
IL2 led to loss of expression of CD45R and acquisition of the ability to
provide help for Ig production in a PWM system (Clement, etal., 1988). An
interesting additional piece of data was the finding that whereas both
subsets of CD4+ cells could respond to PHA in the presence of monocytes,
only the CD45R UCHL1 + fraction proliferated, upregulated IL2R and
produced IL2 in response to anti CD3 stimulation (Byrne, etal., 1988).
However, addition of exogenous IL2 to the CD45R+ subset resulted in
increased expression of IL2R and proliferation. These data suggested that
the signalling requirements of CD4+GD45R+ cells are different from those of
the reciprocal subset and that the latter is more easily activated, in keeping
with the hypothesis that it represents memory cells (Byrne etal., 1988).
Much of these data were drawn together in a detailed study by Sanders
et al which correlated increased expression of three adhesion molecules
(LFA-3, CD2 and LFA-1) with increased expression of three markers of
memory cells (CDw29, UCHL1 and pgp-1) on a single major subset of adult
T cells. Furthermore, this subset was said to be absent in cord blood but,
following activation with PHA, such cells then expressed all these molecules
and down regulated expression of CD45R. Separation of peripheral blood
into LFA-3+ and LFA-3’ subsets showed that all the proliferation to recall
antigen was contained within the former subset which was also the major
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producer of ylFN (Sanders, etal., 1988a).

Thus naive cells had the

phenotype CD45R+ and the reciprocal subset was CD45R-, UCHL1+,
LF A 3 + , pgp1 + , CDw29+ with UCHL1 and LFA-3 being the best
discriminators in terms of quantative differences in level of expression
(Sanders etal., 1988a; Sanders etal., 1988b). In keeping with increased
expression of adhesion molecules, UCHL1+ T cells were also shown to
adhere more readily to umbilical vein endothelial monolayers (Cavender, et
al., 1987).
One of the most important early studies supporting the maturation
hypothesis came from a limiting dilution analysis of the precursor frequency
of cells responding to alloantigen and recall antigen among CD4+CD45R+
and CD4+UCHL1+ cells (Merkenschlager etal., 1988). This showed that the
precursor frequency for alloantigen was approximately 1/350 for both
populations. In contrast, in the absence of additional IL2 the precursor
frequency for cells responding to either tetanus toxoid or influenza virus was
12 times greater among the UCHL1+ subset than among the CD45R+
subset. With the addition of IL2, greater responses were seen among the
latter population such that the difference in precursor frequency fell to
approximately 4 fold. The authors argue that addition of IL2 led to some
false positive results as wells without antigen scored positive when enough
cells per well were present. Hence, the range of cell concentrations used
could not be as wide in the presence of IL2. Although such evidence of
clonal expansion of recall antigen specific cells certainly supports the notion
that the UCHL1+ subset contains memory cells, the effects of IL2 suggest
that culture conditions used may not have been optimal for the cells being
tested. Indeed, the data of Byrne quoted above, suggest that a requirement
for exogenous IL2 by the CD45R+ cells might be expected for these cells to
respond to antigen (Byrne etal., 1988). This then begs the question whether
lack of response reflects lack of priming or hyporesponsiveness.
Furthermore, this study did not look at frequency of antigen specific cells in a
primary response to nominal antigen. Despite these criticisms, the data are
highly suggestive that the UCHL1+ does contain memory cells and
moreover, since single hit kinetics were demonstrated, there was no
evidence of suppressor cells among either subset (Merkenschlager et al.,
1988).
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Overall these data suggested that expression of CD45R on T cells
correlates with a naive phenotype. CD45R is irreversibly lost following
exposure to antigen and conversion to a memory cell, with a concomitant
rise in expression of UCHL1+ and various other markers.
1.6.2.3 CD45R and lymphokine production
Several of the studies already mentioned looked at lymphokine
production by the subsets defined by presence or absence of CD45R.
These as well as others led to conflicting conclusions. As already
mentioned, the data of Byrne ef a/suggested that the CD4+CD45R+ subset
was deficient at producing IL2 in response to stimulation with anti CD3
antibodies (Byrne et al., 1988). Furthermore, their data showed that both
subsets proliferated equally well to PHA. In contrast, Salmon et al, although
also using similar experimental conditions, showed that the CD4+CD45R+
subset proliferated better to PHA and ConA than the reciprocal subset and
that only the CD4+CD45R+ subset produced IL2 as measured on day 2 of
culture. In their hands, both subsets expressed similar levels of IL2R
following activation (Salmon, et al., 1988). Another study using a variety of
accessory cell dependent as well as accessory cell independent stimuli,
showed that the kinetics of production of IL2 was different in the two subsets
(Dohlsten, etal., 1988). The CD4+UGHL1+ subset produced maximal
amounts of IL2 by 24 hours of culture whereas significant production of this
lymphokine by the CD4+CD45R+ subset was not detected until 48 hours.
This was despite similar kinetics of proliferation and IL2 receptor expression
(Dohlsten etal., 1988). ylFN production was essentially limited to the
UGHL 1 + subset, as also shown by Sanders et al (Sanders etal., 1988a).
IL4 mRNA is detectable in fewer than 5% of human GD4+ cells following
maximal polyclonal activation whereas 33% and 60% have detectable
message for ylFN and IL2 respectively (Lewis, et al., 1988). Furthermore,
most of those cells which transcribed IL4 mRNA were GD4+GD45R-.
However, it must be noted that although IL4 message was confined to this
subset, it was detectable in fewer than 1 0 % of GD4+GD45R’ cells,
suggesting further heterogeneity within this subset (Lewis etal., 1988).
1.6.3 Paradoxes and problems with CD45 Isoforms
Overall, the data on differential expression of GD45 isoforms suggested
two main hypotheses. Firstly, that presence or absence of GD45R defined
functionally discrete subsets of GD4+ and probably GD8 + T cells. The
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arguments in favour of this came from the data in the rat and from the data in
the human concerning suppressor inducers and helper inducers. Secondly,
and not necessarily incompatible with the first, that expression of the
isoforms differed according to the stage of maturation of the lymphocyte and
could be used to define naive and memory T cells.
It is not necessarily a problem to reconcile the two hypotheses since a
transient ("induced" or "modulated") characteristic can still be associated
with a lineage characteristic or any other transient characteristic (Mitchison,
1988). It is more of a problem to verify the hypotheses. Part of the difficulty
lies in the experimental systems used. For instance in can be argued that
suppression as measured in the polyclonal PWM system has little to do with
antigen specific responses occurring in vivo. Therefore, can such data on
the behaviour of these subsets in vitro be extrapolated to the in vivo
situation? Much more difficult to address is the problem of assessing
memory. A great deal of the data described could be considered to be
addressing activation rather than true memory. The most convincing body of
data to support the naive/memory hypothesis comes from the apparently
irreversible phenotype switch following priming with antigen or stimulation
with mitogens. As already mentioned, a marker of memory cells must be
stably acquired following priming. Hence, such a change in phenotype on
exposure to antigen generates several testable predictions. Firstly, a marker
of naive cells would be expected to decline with age, following thymectomy
and to be irreversibly lost following priming. Whilst the cited data certainly
support the latter prediction, aged humans only showed a small drop in
CD4+CD45R+ cells compared with young adults (Serra et ai., 1988) and
thymectomy in rats led to a reduction in the proportion of CD4+CD45R- cells
rather than the expected subset (Arthur & Mason, 1986). A major paradox
concerned expression of the isoforms in the thymus, namely why so few
cells of a naive phenotype were seen? Also, the rat and human data are not
directly comparable since the anti rat CD45R mAb recognizes isoforms of
mw 220, 205 and 180 kd whereas the anti human CD45R mAbs used in all
the studies described recognize only the 220 and 205 kd antigens. Thus,
although a large body of data had accumulated on the differences between
the CD45R+ and CD45R- T cell subsets, there were still questions to be
asked.
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1.7 Aim s o f this thesis
The initial aim of this thesis was to identify antibodies recognizing equivalent
isoforms on mouse I cells to those studied in the human. Having
succeeded, it was planned to take advantage of the murine model to test
whether such antibodies truly identified naive T cells and if so, to explore the
mechanisms involved in the acquisition and generation of I cell memory.
The studies undertaken are summarized at the end of chapter 3.
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CHAPTER TWO

Materials and methods
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2.1 Tissue Culture Reagents and Conditions
2.1.1

Media

Basic tissue culture medium contained 2% sodium bicarbonate. All
media - minimal essential medium Eagle (MEM) and Dulbecco's modified
Eagle's medium (DMEM) was supplied by ICRF Cell Production Unit, Clare
Hall, South Mimms, Hertfordshire, U.K. All cells in tissue culture were
maintained at 37°C in humidified tissue culture incubators with a constant 5%
CO2 atmosphere. Standard tissue culture grade plasticware was supplied by
Falcon (U.K.) unless otherwise stated. 0.2|im syringe end filters were used
for filter sterilising media supplements - (Acrodisc, Germany).
2.1.2 Reagents
General reagents were purchased from Sigma Chemical Company Ltd.
(U.K.) unless otherwise specified.

1) Phosphate Buffered Saline (Dulbecco's A)
NaCI
8.0g/l
KCI
0.25g/l
Na2 HP0 4
1.43g/l
KH2PO4
0.25g/l
The pH was adjusted to 7.2
2) Bovine serum albumin
Fraction V, (Sigma, U.K.), stored at 4°C.
3) Fetal Calf Serum
All foetal calf serum (mycoplasma tested, Gibco, U.K.) was incubated at
56°C for 30 minutes to heat inactivate complement components, filtered and
stored at -2 0 °C and added to medium at 5 or 1 0 % final concentration.
4) Supplements to media
Non-Essential Amino acids
Stock, 10OX
Sodium Pyruvate lOOmM

1% final concentration, stored
at 4°C, filtered prior to use
1% final concentration, stored
at 4°C, filtered prior to use

Penicillin (5000IU/ml)/ Streptomycin aliquots of 2mls of each
(SOOOpg/ml)
mixed and stored at -20°C,
Glutamine 2 0 0 mM
filtered prior to use.
Final concentration added
1%
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2 Mercaptoethanol

stock of 5 x 10"^ M, diluted in
PBS; filter sterilised and
stored at 4^0; used at a final
concentration of 5 x 10 ’^M

Geneticin (G418),

added as selection media
where indicated, 1 mg/ml,
stock 1 0 0 x stored at 4^0

■ Hepes 1 molar

used at 1 0 mM final
concentration

All supplements from Gibco, NY, USA.
5) Trypan Blue
All cell counts were performed by trypan blue exclusion of non-viable
cells. A stock of 0 .2 % w/v trypan blue was prepared in PBS/0.1% sodium
azide. Four parts of 0.2% trypan blue were mixed with one part 4.5% saline
to yield a stock of 0.16% trypan blue/0.9% sodium chloride for counting cells.
Cells were mixed with trypan blue at a ratio of 1 :1 (v/v) for counting.
6) Trypsin/Versene for trypsinizing cells off magnetic beads
Trypsin : 0.25% in Tris saline pH adjusted to 7.7 with 1M MOL, filter
sterilised and stored at -20°G.
For 1 litre:
Trypsin
NaCI
KCI : 19% solution w/v in dhaO
Na2 HP0 4
dextrose
Trizma base
phenol red (1% w/v in dH2 0 )
penicillin / streptomycin

2.5g
g
2 ml
0 .1 g
1g
3g
1.5ml
1 0 ® U/O.lg
8

Versene : in PBS pH 7.2, autoclaved and stored at 4°C.
for 1 litre:
EDTA
0.2g
NaCI
8g
KCI
0 .2 g
Na2 HP0 4
1.15g
KH2 PO4
0 .2 g
phenol red (1 % w/v in dH2 0 )
1.5ml
Cells were incubated with 1 volume of versene followed by the addition
of 1 volume of trypsin, all at 37°C.
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2.2 Mice
2.2.1 Source:
All mice were obtained from the ICRF breeding facilities at Clare Hall.
The mice were not kept in isolators unless stated.
2.2.2 Strains used:
K
A
k
k
CBA/CaJ
B10A
k
k
A/ST
k
k
A/Thy1.1
k
k
d
BALB/c
d
DBA/2
d
d
k
k
C3H/hej
BlOScSn
b
b
k
B10Br
k
AKR/J
k
k
C57/L
b
b
C57/L transgenic for a and p TCR
b
C57BL/6 (B6 ) b
B6 transgenic for a and p TCR

E
k
k
k
k
d
d
k
b
k
k
b
b

D
k
d
d
d
d
d
k
b
k
k
b
b
b
b

Mis
b
b
c
c
b
a
b
b
b
a

2.2.3 Procedures
1) Thymectomy
10 day old or 4 week old mice were anaesthetised with pentobarbitone
i.p. The thorax was swabbed with alcohol and an incision made in the
suprasternal notch. The sternum was cut at the level of the first rib after
exposure using blunt dissection to the level of the trachea. The thymic lobes
were aspirated with a glass pipette and the thorax closed. A steel clip sutured
the skin. Sham thymectomized mice underwent the same procedure without
aspiration of the thymus. At the time of removing the spleen or lymph nodes,
the completeness of the thymectomy was checked. If lobes still remained the
mouse was not used or used only as a sham.
2) Injections and bleeding.
Immunizations and cell transfers were given either i.p. or i.v. via a tail
vein. For interim bleeds, tail veins were used but if the animal was to be
sacrificed, it was anaesthetised with halothane and cardiac puncture
undertaken. The mouse was then killed by cervical dislocation.
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3)

Irradiation
Mice were irradiated with 600rads from a Cobalt source 24 hours prior to

being used as hosts for adoptively transferred cells.
In the thymic
regeneration experiments described in chapter 4.2.4 mice were irradiated
with 600 rads either 5 or 12 days prior to sacrifice.

2.3 Antibodies
2.3.1 Antibodies used - specificities,
references
All antibodies used are shown in table 2.1

isotype,

source

and

2.3.2 Hybridomas
1) Cryopreservation
Cells growing exponentially were spun down at 4°C and 1 - 4 x 10^
were resuspended in 0.5ml of freezing medium (90% PCS, 1 0 % DMSO, 0 .2 p
filtered, and stored at -20°C) in ice-cold freezing vials. These were then
quickly put in a polystyrene freezing box and stored at -70°C overnight
following which they were stored at -180°C in liquid nitrogen. Frozen cells
were thawed rapidly, resuspended in warm (370C) complete medium,
immediately washed twice and resuspended in the appropriate culture
medium.
2) Culture of hybridomas and factor producing cells.
Optimal concentrations were determined by culturing thawed cells at a
selection of concentrations. For generation of antibody supernatants, cells
were grown exponentially until approximately 1 litre of supernatant was
available and then allowed to overgrow until 50% of the cells were dead at
which time the supernatant was harvested. The cultures were spun at 3200
xg for 20 minutes at 4°C and the supernatant saved. If for further purification
the supernatants were appropriately concentrated or dialysed. If for use as
neat supernatants, they were aliquoted and stored at -2 0 °C.
The interleukin secreting cells (kind gift from Fritz Melchers,
(Karasuyama & Melchers, 1988)) are transfectants and need to be grown in
the selection agent Geneticin, 1 mg/ml (Gibco, UK). For harvesting the
interleukin rich supernatants the cells were grown exponentially until 500mls
of supernatant was available, washed twice and grown in medium for 48
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Table 2.1
Antibodies used
Specificity
(anti:)

Clone

CD45

M1.93.4 HL2

CD45RA

RA3-3A1/6.1

CD45RA

RA3-2C2

CD45RA
CD45RB

I
'»
■
■
■
■

T
n
r
»
i^
n
n
r
w
w
w
y
v
v
i

Thy1.2

HOI 3.4

Isotype

Source

Reference

ATOC

S D r in a e r .

ATOC

Coffm an & W eissm an , 1981

M (rat

ATCC

(Coffm an & W eissm an, 1981)

G2 b (rat)

ATCC

(Kincade, et a L 1981)

lgG2a (rat)

Ellen Pure

(Birkeland, etal., 1988)

IgM (mouse)

ATCC: TIB99

(M arshak-R othstein, etal.,

'gG2 a (rat)

1979

1979)_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Thy 1.1

H022.1

IgM

B7.6

r»yrir^iwv¥irinr>r¥VVwrinnnno»v’ri

IgM (rat)

iJ g G iM ,

ATCC:TIB100 (M arshak-Rothstein
Benny Chain

etal.,

Gf al., 1984)

Class II:
lAb/d/q

M5 114.15.2

IgGab (rat)

ATCC:TIB1 2 0 (Bhattacharya,

10-3.6.2

IgGza (rat)
IgG (mouse)

ATCC:TIB 92 i§R009gJieLgLJ9Z§l
Robert
Lechler

etal., 1981)

& lEd/k
lAk
lAb
lA k, lEd/k

3TP
14.4.48

ATCC: HB32

(Q z a to , et al., 1980)_ _ _ _ _ _

CD4

GK1.5

!.9 .G2 b(rat)

ATCC: 207

(Dialynas, etal., 1983)

CD4 (kill)

RL172.4

IgM (rat)

Benny Chain

(C eredig, e f al., 1985)

CDS

53-6.7

lgG2 a (rat)

Becton
Dickinson

(Ledbetter & H erzenberg,

Benny Chain

(Sarm iento, et al., 1980)

CDS (kill)

3.168

IgM (rat)

CD3e

2C11

IgG (hamster) Oberdan Leo

44.22.1

IgGaa (rat)

Liz Simpson

1979]

(Acha-O rbea, etal., 1985;
Payne, etal., 1988

Va+ Vp

T3.70

(mouse)

Harald von
Boehmer

CD44

IM7.8.1

Nick Crispe

IL2R

7D4

IgGgb (rat)
IgMK (rat)

IL4R

11B11

MSA

YBM5.10.4

idiotype

TopooooeaBPOonoJaoJMeBoaooB ro oooooopoooo

rat IgGg;

MARG2a-1

(Teh, etal., 1988)

(Trow bridge, etal., 1982)

rww>rwronnnnnrr>Tnnrr» ■>

»rwwrr»

ATCC

(M alek, etal., 1983)

lgGi (rat)

Tim
Mossman

(Finkelm an, etal., 1986)

IgM (rat)

Christine
Kinnon

(Alterm an, etal., 1990; W att,

ATCC

(Lanier, etal., 1982)________

Serotec

(Bazin, etal., 1974)________

IgGi(mouse)
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etal., 1987)__ _ _ _ _ _ _ _ _ _ _ _

hours without selection. The supernatant was then collected after spinning
down the cells, filter sterilized and frozen.
3) Ascites
100pl of pristane was injected i.p. to prepare the peritoneum. 10 days
later, 5 x 10^ exponentially growing cells were washed, resuspended in
200|il of filtered PBSand injected i.p. into nu/nu mice kept in an isolator. After
7 days the mice were inspected daily for optimal ascites generation which
was usually around day 14. The ascites was drained by a peritoneal tap and
the animal then sacrificed. The ascites was diluted with an equal volume of
PBS, put at 37°C for 1 hour and then at 4^0 overnight. The ascites was then
spun at 3200 xg for 30 minutes, the top oily layer carefully removed and the
supernatant saved for further purification.
2.3.3 Antibody preparation and purification
1) Concentration
The culture supernatants were concentrated 10 - 20 X using Amicon
filters (Amicon, Mill Hill, U.K.) with a 10000 MW cut off. The filter was washed
three times in distilled H2 O before its first use to remove the glycerine coat.
The supernatant was passed over the filter under 25lb/in2 pressure using
compressed nitrogen. The filters were recycled after use by washing in 0.1%
HOI for 5 minutes, followed by a wash in 1M NaCI and then three washes in
dH^O. The membranes were stored in sealed bags in 10% ethanol/ water at
4 OC and only reused for the same antibody. If the antibodies were to be used
as supernatants, they were then aliquoted and stored at -20°C until use. The
efficacy of the supernatants was tested by staining and titration on the FACS.
2) Purification of antibodies
2a) Ammonium sulphate precipitation
An equal volume of saturated ammonium sulphate was added slowly to
supernatant whilst being stirred to give a final concentration of 50%
ammonium sulphate. If ascites was being precipitated this was diluted with
PBS to give an initial protein concentration of less than 5mg/ml. The mixture
was gently stirred overnight at 4^0, then spun at 15000 xg for 30 minutes.
The supernatant was decanted and the antibody resuspended with PBS in
0.1 of the original volume if supernatant had been used, and 0.3-0.5 the
original volume if ascites had been used. The precipitated antibody was then
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dialysed against three exchanges of PBS or the appropriate buffer if to be
further purified.

2b) Protein A purification
Protein A binds the Fc portion of rat IgM well but rat lgG2 b poorly. A 4ml
protein A-sepharose C4LB (Pharmacia, Sweden) was washed with 0.05M
glycine, 0.15M NaCI and then neutralized with binding buffer, 0.15M NaCI,
1 M glycine, adjusted to pH8 . 6 with 4M NaOH. The antibody to be purified,
having been dialysed against binding buffer, was either loaded under gravity
or recirculated overnight using a peristaltic pump. The antibody was eluted in
1ml fractions at pH2.3, using 0.05M glycine, 0.15M NaCI as elution buffer.
The elution and washings were monitored using a UV chart recorder
(Uvicord, UK) and fractions collected during the passage of the peak. The
column was then washed with binding buffer and stored at 4°C in buffer
containing

0 .1 %

azide.

Fractions of similar concentration (see section 3) were pooled and
dialysed against PBS. Purity was further tested by running on a 10% SDSPAGE gel and titrated by staining of appropriate cells (see sections 2.3b and
2.5.1).
2c) DEAE
For purification of the antibody 14.8 which is a rat IgGab and does not
bind protein A efficiently. The day prior to use, lOOmIs of DEAE (Whatman,
UK) were mixed with 200mls of 20mM Tris, 20mM NaCI, pH7.9, allowed to
settle and the buffer poured off. This was repeated and then the DEAE was
left in the same buffer overnight at 40C. Immediately prior to use, the DEAE
was washed again with the same buffer. The antibody to be used was
dialysed overnight against 2 0 mM Tris, 2 0 mM NaCI, pH7.9 and the OD
checked prior to use. 1ml of buffered DEAE was used for each 6-7mg of
protein. The DEAE was loaded into a suitable sized column (Biorad, UK),
allowed to settle and washed with 3 column volumes of the 20mM buffer. The
antibody was then loaded on to the column and eluted with a step wise salt
gradient, with a constant pH of 7.8, as follows:
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1)

2)
3)
4)
5)
6)
7)

A stock of

1

Tris I molar
NaCI 1 molar
20 mM
20 mM
20 mM
40 mM
20 mM
60 mM
20 mM
80 mM
lOOmM
20 mM
20 mM
150 mM
20 mM
200 mM
litre 40mM Tris pH 7.8 -7.9 was made and mixed with the

appropriate volumes of 1M NaCI and dh 2 0 to make up each buffer.
For each change of buffer, the excess of the previous buffer was
removed from the top of column and new buffer added so as to make each
step sharp. 3 column volumes of each buffer were added at each step and
loaded under gravity. The eluted fractions were monitored with a Uvicord
chart recorder. For 14.8, all the antibody eluted with buffer 2 and further steps
were unnecessary (figure 2 . 1 ).
The concentration of the eluates was determined, fractions of similar
concentration pooled and dialysed against 2 changes of PBS.
3) Assessment of antibodies:
3a) OD
The OD of the eluted fractions was read at 280nm and mg/ml calculated
by dividing by a correction factor of 1.4 for supernatants and 1.25 for ascites.
3b) SDS-PAGE gel
The original sample and the different fractions eluted were run on a 10%
SOS gel. The purest fractions had only the Ig bands and no contaminating
bands (figure 2 . 1 ).

30% acrylamide
Tris
dh 20
10% SDS
10% APS
TEMED
10X Running Buffer : make
glycine
tris
SDS

Lower gel
3.3mls
1.4mls pH8.3, 3M
5.1 mis
0 . 1 ml
2 0 |il
8.3pl
up to 1 litre with dH2 0
144g
30g
lOg
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Stacking gel
0.9mls
0.83mls pH6 .8 , 1M
4.8mls
6 6 pl
6 6 pl
6 .6 |il

Figure 2.1
SDS-PAGE gel of DEAE purified 14.8 ascites

2

3

4

5

6

7

MW

68

42

#

27

18

3|ag of antibody loaded per lane, except lane 3 (2pg).
A ntibod y eluted from D E A E using step w ise salt g ra d ie n t as
described in 2 .3 .3 (2c)
Lane 1
20m M peak fraction
Lane 2
20m M lower concentration fraction
Lane 3
40m M fraction
Lane 4
lOOmM fraction
Lane 5
M W markers
Lane 6
SOOmM fraction
Lane 7
ascites, ammonium sulphate cut, pre DEAE
7 .5 % S D S PAG E gel, samples boiled and reduced.
T he pure fraction cam e off at a 20m M salt concentration and the two
bands represent pure heavy and light chains
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The lower gel was poured, overlayered with isopropanol, allowed to
polymerize for 45 minutes. The isopropanol was washed off with dHaO,
drained well and the upper gel poured and the comb placed in position. After
polymerization the comb was gently removed and the gels loaded into the gel
tank and running buffer added. The gels were run in a mini Protean II
(Biorad, UK). 1ug of each protein sample was mixed with an equal volume of
sample buffer (20% glycerol (w/v), 2%SDS, 0.0625M tris pH 6 .8 ,
Bromophenol blue, 2% 2ME), boiled for 2 minutes and loaded on to the gel.
60V was applied as the samples passed through the stacking gel and 200V
through the lower gel. The protein bands were stained with Coumassie Blue
(0 .2 % Coumassie blue, 43 volumes methanol, 7 volumes of acetic acid and
50 volumes of dH2 0 , filtered) for an hour and then the gels were destained
(10% acetic acid, 30% methanol, 60% dH^O) for an hour. The gels were
mounted on to Whatman blotting paper and dried for 60 minutes at 650C
under vacuum using a Biorad gel drier (Biorad, USA).
3c) Functional assessment or staining
Antibodies or supernatants were all titrated either functionally, e.g. IL2
supernatant against rlL2 in a GTLL assay (see section 2.12.1) or by staining
on the FACS (see section 5 .2.5). For the staining, the supernatant was
titrated either by indirect staining with a second layer or by its ability to inhibit
a known concentration of directly labelled antibody.
Saturating
concentrations of antibody were determined for subsequent staining.
4) Storage
All supernatants and purified antibodies were kept in aliquots at -20°C
until required.
5) Labelling of Antibodies
Many of the antibodies generated were used directly conjugated with
FITC or Biotin or PE. A few of these conjugates were purchased. Purchased
antibodies included: CD4-PE and CD8 -FITC both from Becton Dickinson
(California, USA); CD8 -PE and CD4-FITC from Boehringer Mannheim (UK).
14.8 purified from ascites was coupled to PE by Molecular Probes (USA).
5a) FITC conjugation
The antibody was dialysed against bicarbonate buffer (0 . 1 M NaHC03,
pH 8 .2-8.6 ). 50|ig FITC were added per mg protein (fluorescein
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isothiocyanate, Pierce Ltd., U.K.; 1 mg/ml FITC isomer stock in DMSO). The
antibody was then rotated for 2 hours at room temperature or for 4 hours at
4°C, then dialysed extensively against PBS in the cold.
The coupling ratio of FITC conjugated antibodies could be measured as
follows:
Fluorescein : Protein ratio:

2.87 x abs Aognm
abS280-(0-35 X abS49snm)

The optimal ratio is 3:1
5b) Biotinylation
The purified antibody to be biotinylated was concentrated to at least
1mg/ml and dialysed against bicarbonate buffer, pH 8 .2-8.6 . When the anti
CD3 antibody 2C11 was biotinylated it was dialysed against a pH of 9.3.
Immediately prior to use the biotin (NHS-LC Biotin, Pierce, Holland) was
made up to a concentration of lOmg/ml in water. ISOpg of biotin was added
to each mg of antibody. The mixture was covered with foil to protect it from
light and left at room temperature for 4 hours. The biotinylated antibody was
dialysed overnight against PBS. The efficiency of coupling and the optimal
staining concentration was determined by titration on the appropriate cells.
5c) Second step reagents
Streptavidin conjugated PE or FITC were purchased from Biogenesis,
UK. For three colour analysis, the third colour used was Texas Red
conjugated to PE (Duochrome, Becton Dickinson, USA or Tandem, Southern
Biotechnology, USA).
For unlabelled mouse antibodies, as well as for detecting mouse Ig
directly, goat anti mouse Ig coupled to FITC (Nordic) was used. For
unlabelled rat antibodies, a second layer of either the monoclonal anti rat k
light chain mAb, MAR 18 FITC, was used or polyclonal FITC labelled anti rat
sera. Anti hamster FITC was used for the anti CD3 monoclonal, 2C11.
All directly coupled antibodies and second layers were titrated to
ascertain saturating concentrations to be used for staining.
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2.4 Preparation o f cells for staining
2.4.1 Spleen cells
Spleens were dissected out with minimal adherent fat. They were then
mashed through voile using the wrong end of a syringe plunger as a masher.
The cells were resuspended, using a pasteur pipette, in DMEM buffered with
Hepes (DMEM-H) and transferred to a 15 ml Falcon tube. The cells were left
to stand for 5 minutes to allow debris to settle and the supernatant transferred
to another tube and spun at 300 xg for 10 minutes at room temperature. The
pellet was resuspended in 1 ml of medium initially and then made up to 5 mis.
The cells were then spun over a Ficoll (Pharmacia, Sweden) gradient (see
section 2.10.1) to remove red and dead cells. The cells at the Ficoll/medium
interface were collected, washed twice with DMEM-H spinning at 300 xg,
counted and resuspended at the appropriate concentration for staining. A
typical spleen would yield between 7x 1 0 ^ and 1 0 ^ lymphocytes.
2.4.2 Lymph node cells
Inguinal, axillary, cervical, mesenteric and para-aortic lymph nodes were
dissected out of the mouse. The nodes were then either mashed in a mini
glass homogenizer (Jencons, UK), or between two layers of gauze. Where
lymph node cells were to be used in culture the cells were ground between
two autoclaved glass slides. The cells were suspended in medium, washed,
counted and resuspended at the appropriate concentration. Typically, the
nodes from one mouse would yield of the order of 10^ lymphocytes. In some
experiments, to further deplete of B cells, the cells were rotated for 30 minutes
at 4°C with magnetic beads coated with sheep anti mouse IgG (Dynal, UK) at
a ratio of 5 beads to 1 cell. The cells were then put in a magnetic field and all
the bead bound cells were retained, leaving only IgM negative cells. This
population comprised 95% (± 3%) T cells.
2.4.3 Foetal thymocytes
The day of fertilization was determined using time mated females and
observation of a vaginal plug on day 0. On the desired day of gestation, the
female was sacrificed, the uterus opened and the embryos removed. The
embryos were washed in medium in a 90mm petri dish to remove any
contaminating maternal blood. The embryos were dissected under a
dissecting microscope using watchmakers forceps. The embryos were first
decapitated and then the thorax opened and the thymus lobes identified and
removed. These were washed extensively in medium and then ground into
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single cell suspensions using a 0.1ml mini glass homogenizer. The cells
were then washed, counted and resuspended at the appropriate
concentration. To obtain adequate cell numbers for triple staining, lobes from
embryos from the same mouse were pooled.
2.4.4 Adult thymocytes
The mice were killed by cervical dislocation. The thorax was opened by
incisions through the lateral rib borders. The thorax was lifted to reveal the
thymus which was gently dissected off the surrounding tissue. Bleeding was
avoided in order to minimize contamination with peripheral blood. Once
removed, the intact lobes were washed with medium to remove any blood
and then ground into single cell suspension using a glass mini homogenizer.
The resuspended cells were washed, counted and resuspended at the
appropriate concentration. A typical 4 week thymus would yield 1-2 x 1 0 8
cells.

2.5 Surface staining o f ceiis for FACS anaiysis
2.5.1 Staining protocol
10® cells/well were stained in U bottomed plates in a final volume of
lOOpl. Antibodies were diluted in PBS, 1% PCS or BSA, 0 .1 % azide (staining
medium) at an initial dilution calculated to give the optimal saturating final
concentration in the wells. Where anti MIg was used it was diluted in staining
medium containing 5% normal rat serum in order to minimize non-specific Fc
binding. In general, 50pl of cells and 25|xl of each of the first layer antibodies
were incubated at 4^0 for 30 minutes. So that all the wells contained
antibodies at the same concentration, staining medium was added so that the
final volume in all the wells was the same. The plates were then spun down
at 300 xg for 4 minutes, the supernatants thrown, the cells resuspended by
vortexing and then washed twice with ISOpI of staining medium. The cells
were then vortexed and resuspended in the second step reagent at the
optimum concentration. They were incubated for 2 0 minutes at 4°C and
washed in a similar manner. Finally, the stained cells were resuspended in
filtered medium for use on the FACS. Where few samples were stained or
where more cells were needed e.g. for triple staining, cells were stained in
tubes in similar conditions except that only one large volume wash was
necessary (4mls). If more cells were used, there was an appropriate scaling
up of the amount of antibody added.
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2.5.2 Controls for staining
1) Dead ceiis
In all stainings, the single FITC stainings as well as unlabelled cells
were labelled with propidium iodide (PI). 2|Lig (1|il) of PI was added to each
well after staining and 2 minutes before washing. In non-permeabilized cells
PI is only taken up by dead cells and is clearly seen on the FACS in either
FL2 or FL3. Gates were set at the acquisition level to exclude PI positive
cells.
2) Negative controis
The negative controls used for anti CD45RA staining and anti CD44
staining were the addition of excess unlabelled antibody which specifically
inhibited the binding of the labelled antibody and allowed negative markers
to be set. For other markers, where the population was clearly bimodal, it
was straightforward to set a marker separating positive from negative cells. In
all stainings, a sample of unlabelled cells with and without PI was used for
each mouse and usually a control with an irrelevant isotype matched
antibody to determine the level of background fluorescence.
2.5.3 Fixation of ceiis
For most of the staining reported cells were not fixed. When necessary,
cells were resuspended in 200pl of PBS without PCS and 200pl of 4%
paraformaldehyde added. After mixing, the cells were incubated at room
temperature for 5 minutes, washed and resuspended in PBS and kept at 4°C
prior to use.
2.5.4 FACS anaiysis
Analysis was performed on a Becton Dickinson FACScan analyser fitted
with a 488nm argon laser. For one and two colour analysis Consort 30
software was used and for three colour analysis, FACScan Research
software Version A. Photomultiplier settings and colour compensation were
set using unstained and single stained positive and negative controls. On a
single argon laser the fluorochromes FITC (FL1) and PE (FL2) are excited at
a wavelength of 488nm and emit at 530nm and 585nm respectively. For the
PE-Texas red conjugate, the emission of the PE in turn excites the Texas red
which emits at 617nm (FL3).The threshold for detection was set to exclude
small debris. An acquisition gate was set to include only live cells. The gate
was determined by forward (FSC) and side (SSC) scatter and exclusion of PI
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positive cells. Forward scatter gives an estimation of cell size and side scatter
of cell granularity. In general, it is only possible to directly compare
fluorescence intensity on cells stained in the same experiment and analysed
on the same FACS settings. Hence, in most stainings described, cells were
stained from at least one control mouse and 2 or more test mice.
2.5.5 Statistics for anaiysis of staining
In the studies on ageing populations and thymectomized mice, the
staining patterns seen in groups of mice were analysed using the student's t
test and the Mann Whitney U test.

2.6 Immunoprécipitation with anti CD45 antibodies
Spleen cells or the CTL clone 35-10 (kind gift of 0. Uyttenhove) were
separated on Ficoll, resuspended in PBS with added CaCIa and MgCl2 and
labelled with 1^25 (Amersham International, UK, ImCi for 5 x 10^ cells) using
Enzymobeads (Biorad, UK) and 1% p-D glucose for 30 minutes at room
temperature. The cells were then spun at 1000 xg for 10 minutes. The cells
were then lysed by mixing 1 volume of cells ( 2 x 1 0 ^ cells/ml) in TBS
(0.025mM Tris base, 0.15M NaCI, pH7.4 containing 0.02% NaNs, 5mM
EDTA, 2mM PMSF and 2.5mM iodoacetamide) with 1 volume of 10% Brij (Brij
96/Brij 99 in the ratio 1:2 in TBS). The mixture was incubated for 1 hour on
ice and then spun at 80,000 x g for 75 minutes. The supernatant was used for
immunoprécipitation. Samples were precleared by adding 50|il of protein ASepharose beads (Pharmacia, Sweden) diluted 1vol/1 vol in 0.5% NP40 in
TBS followed by a 60 minute incubation rotating at 4°C. After spinning, the
supernatant corresponding to 10^ cells was then incubated with 5|ig of
purified antibody for 2 hours at 4°C. 50|llI of protein A-Sepharose beads (for
RA3-3A1 and RA3-2C2) or rabbit anti-rat Ab-coated protein A-Sepharose
beads (for M l-93 or 14.8) were then added to each sample. After 1 hour
rotation at 4°C the beads were washed 4 times in 0.5% NP40 in TBS. For the
first two washes 0.5M NaCI and 0.1% ovalbumin were added to the buffer.
The beads were then boiled in sample buffer and run on a 7.5% SDS-PAGE
gel under reducing conditions. The gels were then stained and dried as
described in section 2.3.3.3b and then autoradiographed against
photographic film (Kodak, UK) at -70°C. C14 labelled mw markers (BRL, UK)
were run to allow estimation of molecular weight.
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2 .7 Cross blocking of anti CD45R antibodies
To determine whether the three anti CD45RA antibodies used were
recognizing similar epitopes, cross blocking studies were undertaken. In
these, spleen cells were incubated with a fixed concentration of labelled
antibody in the presence of titrations of unlabelled anti CD45R or anti CD45
antibodies or normal rat immunoglobulin. The cells were stained as
described in section 2.5 and run on the FACS. By comparing the percentage
of positive cells seen when saturating concentrations of labelled antibody
alone was used, and the percentage of positive cells in the presence of
unlabelled antibodies, a curve of the percentage of maximal positive binding
against the concentration of inhibiting antibody could be determined for each
antibody tested. This allowed a direct comparison between all the antibodies
tested which did not rely on the absolute percentage of cells stained. Each
anti CD45R antibody as well as the anti CD45 antibody was tested against
each of the other antibodies.

2.8 Bulk cultures with PHA +/- IL2
Spleen cells ( 2 x 1 0 ^/ml) from GBA mice were activated with optimal
concentrations of PHA (1 or 2 |ig/ml, Wellcome, UK) for 3 days in DMEM
supplemented as described in section 2.1.1. After 3 days cells were either
washed and restimulated with IL2 (100-150U/ml) for up to three weeks or
maintained in medium alone. Aliquots of cells were stained at various time
points during the cultures. The IL2 was produced by a transfected line
(Karasuyama & Melchers, 1988) grown in Genetecin and titrated against a
known concentration of human rlL2 (First International Standard, National
Institute of Biological Standards and Control, UK) on the IL2 dependent CTLL
line in order to determine its concentration (see section 2 .1 2 .1 ).

2.9 Adoptive transfer of Thy1.2 cells Into Thy 1.1 mice
As described in chapter 5, these experiments allowed the CD45RA
phenotype of a population of proliferating cells to be identified in vivo. 1 0 ^
A/Thyl .2 spleen cells from 4-6 week old female A/ST mice were injected i.v.
into female congenic irradiated A/Thyl.1 mice. Either total spleen cells or
nylon wool depleted spleen cells were transferred (see section 2 . 1 1 ). Spleen
cells from recipient mice were stained 1, 2 , 6 , 1 3 , 1 6 and 60 weeks following
transfer.
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2,10 Purification o f CD4+ or CD8+ CD45RA+ and CD45RA’
ceiis
The general scheme for purification is outlined in figure 2.2. Each step
is described below. For the C D 4 purifications for subsequent in vitro cultures,
spleens from 60 mice were used for each purification. Fewer mice were
needed for the in vivo adoptive transfer assays. For the C D 8 assays, spleens
from approximately 30 mice were used.

Such a rigorous purification

procedure was necessary in order to deplete of accessory cells as completely
as possible since these are largely C D 45R A hright and would have been
greatly enriched in the C D 4 5 R A + fractions.
undertaken in sterile conditions.

All the following steps were

2.10.1 Ficoll density centrifugation
To remove dead and red cells, spleen cells were resuspended at a
concentration of 5 x 1 0 6 - 2 xlO^/ml in DMEM with 5%FCS and underlaid with
4 ml Ficoll Hypaque (1.09g/cm3). A stock of 14% Ficoll (Pharmacia, Sweden)
was mixed in with metrizoic acid in a vol/vol ratio of 12/5, filter sterilized and
kept at 4 OC protected from light. The gradient was spun at 2000 xg for 20
minutes at 20°C and the interface collected and washed twice with DMEM.
2.10.2 Nylon wool columns
Passage over nylon wool removes 80-90% of B cells (Julius, et a!.,
1973). For passage over nylon wool columns, cells were resuspended at 1-2
X 1 0 6 /ml in warm DMEM containing 10%FCS and loaded on prewashed and
prewarmed nylon wool columns (O.Sg of teased, 5 x boiled, nylon wool for
1 0 6 cells). Columns were incubated at 37^0 in 5% CO2 for 45 minutes. Non
adherent T cells were washed off the columns with 15-40mls of prewarmed
medium. Typically, 30% of the cells loaded would be recovered.
2.10.3 Complement killing of CD4+ or CD8+ cells.
Cells (5 X 10^/ml) were incubated with the concentrated supernatant of
the anti CD4 mAB, RL172.4 or the anti CD8 mAb, 3.168, for 10 minutes at
room temperature. The optimal concentration was determined by prior
titration. Rabbit complement (Low Tox, Cedarlane, Canada) was then added
at a final dilution of 1 in 10. The cells were incubated in a 37°C water bath for
50 minutes. Cold medium was then added and the cells washed twice.
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Figure 2.2
Purification procedure used to isolate CD45RA+ and CD45RA- T cell
subsets.

Spleen Cells

f

t

Ficoll

Nylon wool
CD4 or CDS killing
Anti lgM+ Anti Class II panning

T

Anti CD45RA Ab

t

Ficoll

T

Goat anti Rat Dynabeads

t

Magnet
Positive^raction

Negative fraction

Trypsin

CD45RA
negative
ceils

CD45RA
positive
ceiis

87

2.10.4 Panning to remove remaining igiVi+ and Class 11+ ceiis
Petri dishes (bacteriological grade, Sterilin, UK) were coated overnight
at 4 0 c with PBS containing rabbit anti-rat Ig (Dako, Denmark) at a
concentration of 20|ig/ml. The next day, non-specific binding sites were
blocked by incubating the plates with DMEM + 5% PCS for 1 hour at room
temperature followed by two washes with ice-cold medium. The cells to be
panned were preincubated for 30 minutes at 4°C with anti IgM mAb, B7.6,
with either of the anti lEk mAb's, M5 114.15.2 or 14.4.48, and 10-3.6.2 which
bind lAk. 200pl of culture supernatant was used for 10^ cells. After one wash,
the cells were resuspended at 10^/ml in ice cold DMEM.

4mls of cell

suspension were loaded per plate followed by incubation for 1 hour at 4^0.
Non-adherent cells were washed off the plates by gentle pipetting with cold
medium.
2.10.5 Incubation with anti CD45RA antibodies
By this stage of the purification, the cells were generally more than 90%
pure CD4+ or CD8+ cells. The remainder expressed neither class II nor IgM.
The cells were incubated with purified anti CD45RA mAb, 14.8 (20pg for 10^
cells) for 30 minutes at 4 0 C. Prior to incubation with Dynabeads (Dynal,
Norway), dead cells and excess antibody were removed by passage over
Ficoll as described in section 2.10.1.
2.10.6 Magnetic separation of CD45RA+ and CD45RA- cells.
Cells at 5 X 10^/ml were incubated with goat anti-rat IgG coated
Dynabeads at a bead to cell ratio of 10:1 for the CD8 purifications and 4:1 for
the GD4 purifications. Prior to use the beads were washed three times with
cold medium to remove the toxic preservative in which they were stored.
Beads were washed by putting the tube next to the magnet for 2 minutes, the
supernatant removed and fresh medium added off the magnet. The beadantibody-cell mix was rotated at 4^0 for 30 minutes. Beads and cells were
then put in contact with the magnet for 2 minutes and the magnet non-binding
fraction which contained the CD45RA' cells, was collected. These cells were
then washed and resuspended in the appropriate medium for subsequent
culture or cell transfer. The bead-bound cells were washed twice and
resuspended in warmed verse ne followed by an equal volume of warmed
0.125% trypsin to facilitate cell detachment. After incubation in a Petri dish for
5 minutes at 37^C, 2 ml of cold PCS was added to quench the trypsin and the
bead/cell mixture was exposed to the magnet for 2 minutes. The supernatant
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plus one wash were collected and used as the CD45RA+ fraction. The trypsin
step was necessary because leaving the bead bound fraction to detach in
culture overnight as recommended by the manufacturers led to almost 100%
cell death.

2.10.7 Yields following purification
Typically, 60 spleens would yield between 2-5 x 10^ CD4+CD45RA+
cells whereas 20 spleens would yield between 4-10 x 10® CD8+CD45RA+
cells. The purity of the various starting populations is discussed in the
relevant results sections in chapters 6 and 7. In each type of experiment
where purified cells were used (proliferation assays, CTL assays and in vivo
adoptive transfer assay) control experiments were undertaken to ensure that
trypsinisation alone did not account for the findings. Thus, the CD45RAsubset was shown to behave similarly whether it was trypsinized or not.

2,11 Proliferation assays using purified CD4+ subsets.
2.11.1 Culture conditions
Flat bottomed 96 well plates were used for culture. 10^ T cells were
added per well in a final volume of 200|il. Optimal concentrations of PHA
(0.5-1 pg/ml final concentration, depending on batch) or purified biotinylated
anti CD3 mAb, 2011, (4-6pg/ml final concentration, depending on batch)
were added. The anti CD3 was cross linked with avidin which was used at a
final concentration of 2-3pg/ml. The optimal ratio of avidin to biotinylated anti
GD3 was determined by prior titration and was usually between 2-3:1.
Feeder cells were added in some experiments and their preparation is
described below. Control wells included medium, T cells alone, feeders
alone, and feeders with either PHA or cross linked anti CD3. At relevant time
points after the initiation of the cultures, the plates were pulsed for 16 hours
with ImCi (= 37kBq/well) of ^H thymidine (Amersham international, UK) and
then harvested for liquid scintillation counting. In some experiments, prior to
addition of the ^ h thymidine, 125|il of supernatant was removed from each
well. Supernatants from triplicate samples were pooled and frozen at -20^0
for subsequent IL2 and IL4 assays. Fresh medium was added to the wells
which were then pulsed with ^H thymidine. Bulk cultures stimulated with PHA
were set up simultaneously for subsequent staining.
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2.11.2 Preparation of feeder cells
Spleen cells from syngeneic mice were mashed and resuspended as
single cell suspension. They were irradiated with 3000 rads from a Cobalt
source and washed well. 5 x 10$ feeders were added per well in a final
volume of 200pl.
2.11.3 Harvesting of proliferation assays
After 16 hours pulsing with

thymidine plates were either frozen prior

to subsequent harvesting or harvested immediately. The cells were mashed
and harvested on to glass fibre filters. After drying each filter corresponding
to one well was placed in a tube and 2mls of scintillation fluid added
(Optiscint, Dupont, UK). The incorporation of
thymidine was measured in
a liquid scintillation (3 counter (LKB, Pharmacia, Sweden) and results were
expressed as the mean cpm from a triplet. Errors were usually less than 10%.
The stimulation index was calculated thus:
mean com cells + stimulus
mean cpm cells alone

2.12 Assay o f IL2 and IL4 in culture supernatants
Supernatants for assay of IL2 and IL4 were removed as described
above. Occasionally supernatants from bulk cultures were also harvested.
The supernatants were aliquoted and frozen at -20°C until assayed.
2.12.1 IL2 assay
IL2 was detected by its ability to maintain the growth of the CTLL cell line
(Baker, et al., 1979) (kind gift from Benny Chain). This cell line is also
sensitive to IL4 but in our hands requires a concentration of not <100U IL4/ml
to elicit a response. However, some assays were performed in the presence
of the anti IL4 mAb, 11B11, to confirm that the response was not due to the
presence of IL4. The CTLL line does not respond to IL3 or IL6 (Benny Chain,
personal communication). The CTLL line was cultured in DMEM with 5%
PCS supplemented with 10% IL2 (culture supernatant from IL2 transfectants).
The cells were cultured at an initial concentration of lO^/ml for three days or
5x103/ml for 4 days. Cells were used on the day they were due to be
restimulated and were spun and washed once. They were then incubated for
2 hours in complete medium at 37°C in the absence of IL2. After a further
wash they were distributed in a flat bottom 96 well plate. 3 x 10^ cells were
added per well in a final volume of lOOpl. 3 fold dilutions of the test
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supernatants were added in triplicate wells. A standard curve was also
generated by titrating IL2 from the IL2 transfectants, starting with 50U/ml. The
concentration of IL2 in different batches of IL2 from these cells was
determined by titration against known concentrations of human rlL2. As a
further control, IL4 (also from IL4 transfectants and of a known concentration)
was also titrated.
Cell survival after 24 hours was measured by the metabolism of M IT
(3,4,5-dimethylthiazole-2-yl-2,5,diphenyl tétrazolium bromide, 5mg/ml). 20|j.l
of M IT was added per well and incubated for 4 hours at 37°C. 100pl of 10%
SDS in 0.01 N HOI was then added to each well and incubated overnight at
3700. Viable cells incorporate crystals of M IT which turn blue following cell
lysis. The change in absorbance is proportional to number of cells surviving
and hence the concentration of IL2 (Tada, etal., 1986). The plates were then
read on a plate reader (V Max) over an absorbance range of 570-630nm
using SOFTMAX software to generate the mean OD of each triplicate.
Standard errors were generally less than 5%. The data was converted into
units of cytokine/ml by fitting the linear portion of the titration curves obtained
to the standard curve obtained using IL2 of known concentration.
2.12.2 IL4 assay
IL4 was detected by the ability of supernatants to induce the expression
of class II molecules on splenic B cells (Weinberg, et al., 1990). Single cell
suspensions of spleen cells from BlOScSn (H-2b) mice were washed twice
and T cell depleted by incubation with a mixture of anti CD4 and anti CD8
mAb's (RL172.4 and 3.168) followed by the addition of complement as
described in section 2.10.3. The resultant B cell enriched population (>80%
B cells) was cultured in MEM, 5% PCS at 4 x 10^ cells/well in a final volume
of 200pl in round bottomed 96 well plates. 3 fold dilutions of the test
supernatant were added to each well. Parallel cultures were also set up with
the addition of the anti IL4 mAb, 11B11. Standard curves were generated
using a known concentration of IL4 produced by the IL4 transfectant which
had previously been titrated against murine rlL4 (Genzyme, UK). Cells were
cultured for 24 hours and class II expression was examined in a direct assay
by staining with the FITC conjugated anti-IA^ mAb, 3TP. The stained cells
were run on the FACS and the mean fluorescence channel number of the
class II positive population derived. The mean fluorescence of the control
cells i.e. in the absence of supernatant, was subtracted from that of each
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sample in the presence of supernatant to generate values which could be
plotted as a titration curve. The test curves were compared to the standard
curve. A control titration of IL2 was also always included but IL2 only had an
effect at concentrations far in excess of those seen in the test cultures. The
specificity of the induction of class II by IL4 was comfirmed by demonstrating
inhibition of induction in the presence of 11B11. Because of the scale of
these assays it was not possible to test the supernatants in triplicate.
However, as figure 2.3 shows, remarkably smooth titration curves were
obtained using known concentrations of IL4 and these were highly
reproducible. In most assays, <1 U/ml of IL4 could be detected and 10pl of 20
X 11B11 could completely inhibit 40U/ml or less of IL4.

2.13 The phenotype o f naive, m em ory and effector CTL
cells.
These studies are described in chapter 7. The antigen used was Kh
transfected into PI HTR cells (for generating primary in vitro responses) or into
human HeLa cells (for immunizing in vivo and restimulating in vitro) or into
DAPS cells, a subclone of mouse L cells. These transfectants were made by
Hans Stauss (Samberg, et al., 1989). PI HTR is a subline of the DBA/2derived mastocytoma p815 (Van Pel, etal., 1985).
2.13.1 Generation of H-2Kb specific CD8+ CTL
For primary in vitro CTL respnses T cell populations were purified (as
described in section 2.10) from naive DB/V2 spleen cells and stimulated in
2ml cultures containing 1 x 10® responder T cells and 1 x 1 0 ^ transfected
PI HTR stimulator cells and 50U/ml rlL2 for 5 days.
To assess secondary responses, C3H/H3 mice were immunized i.p. in
vivo with 1 x 1 0 ^ HeLa cells transfected with H-2Kh gene (HeLa-Kh). 3-5
weeks post immunization spleen cells were restimulated with He La-Kb for 5
days in vitro. Restimulation was done in 10ml cultures containing 2 x 10^
spleen cells and 2 x 10^ mitomycin 0 treated He La-Kb stimulator cells in
complete DMEM. For mitomycin 0 treatment, cells were resuspended at 5 x
10^/ml in media with no FOS. 25pl of mitomycin 0 (1pg/pl) were added per
ml of cells and incubated at 37°C for 20 minutes. The cells were then
washed 3 times in a large volume prior to addition to the cultures at the
appropriate concentration.
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Figure 2.3
Titration curves for induction of ciass ii on B ceiis by murine riL4
and iL4 and iL2 from transfectants, in the presence or absence of the
anti iL4 mAb, 11811
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B cell enriched populations were cultured for 24 hours at 4 x 105/ml in the
presence of titrations of murine rlL4, IL4 or IL2 produced by transfected cell
lines (tlL4 and tlL2 respectively). Parallel cultures were set up with the
addition of the lOpI anti IL4 mAb,11B11, used as 20 x concentrated
supernatant. The induction of class II was measured directly using 3TP
FITC. The final concentrations of the first dilution were: 500 U/ml rlL4; 500
U/ml tlL4; 80 U/ml tlL2.
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For assessing the phenotype of memory cells, spleen cells were purified
into CD8+CD45RA+ and CD4+CD45RA' subsets prior to restimulation in vitro.
Feeder cells were added to these cultures. The feeder cells used were CD8
depleted (by complement killing) spleen cells from HeLa-Kh immune mice
which have been shown to be completely unable to generate anti Kb CTL
(Hans Stauss, personal communication). In order to have comparable
numbers of GD4+ helper cells and AFC's in each culture, 10 feeder cells
were added for each purified CD8+ responder T cell.
Effector CTL were purified 4 days after restimulation of HeLa-Kb immune
cells in vitro and the isolated populations were cultured overnight at 4-6 x
1Q6/ml in complete DMEM to allow recovery from the purification procedure
prior to the 5iCr-re lease assay on day 5.
2.13.2 Assay of CTL activity
On day 5 of all primary and secondary cultures, CTL activity was
determined in a 4 hour 5iCr-re lease assay. Different numbers of T cells were
added into 96 well U-bottomed microtitre plates according to the effector :
target ratio (E:T ratio). Target cells (1-2 x 10® in 50pl of medium) were
labelled with lOpI of 5iCr (ImCi/ml, Amersham International, UK) for 1 hour at
37°C, washed 4 times, and resuspended in culture medium. 5 x 10^ labelled
target cells were added per well in the plates containing T cells. The plates
were centrifuged for 3 minutes at 250 xg and incubated for 4 hours at 37°C,
5% CO2 . lOOjil of supernatant was harvested from each well and counted in
a gamma counter. The percent specific lysis was determined using the
equation:
(experimental release-spontaneous release) ^ 100%
(maximal release-spontaneous release)
Spontaneous release was usually <20% of maximal (in the presence of
1% SDS) release. The number of lytic units (LU) per 10® effector CTL was
calculated thus:
___________________________ 1 # ___________________________
(effector: target cell ratio giving 30% max.release on a specific target x no. target cells)

The specific targets used were either H2-Kb expressing blasts or mouse
L cell transfectants (DAP cells) expressing H2-Kb or the hybrid molecule with
the a l and a2 domains of H2-Kb and a3, transmembrane and cytoplasmic
domains of HLA-A2 (KKA). Irrelevant control targets were either BALB/c
blasts (H2-D) or untransfected DAP cells or DAP cells transfected with the
hybrid molecule comprising a l and a2 domains of HLA-A2 and the rest of
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H2-Kb (AAK). The transfectants were a kind gift from Hans Stauss. Previous
studies had shown that the KKA construct could support an allogeneic
response whereas the AAK construct could not (Samberg etal., 1989).

2.14 H elper activity o f primed purified CD4+CD45RA+ and
C D 4+C D 45R A ' ceiis in vivo
The system used is illustrated in figure 2.4. It tests the ability to provide
help for antibody production following priming with minor histocompatibility
antigens. The T cell subsets were purified as described in section 2.10.
2.14.1 Priming of T and B ceiis
For generating anti Thy 1.1 B cells, adult female A/ST mice (Thyl .2) were
primed with 3 i.p. injections of 2 x 10^ rat thymocytes which express the
Thyl.1 antigen. Immunization with rat cells, unlike alloimmunization, has the
advantage that it generates IgG as well as IgM antibody and so generates
more information per individual. The injections were carried out weekly.
Adult female AS/T mice (H-2 kkkd) were primed anti mha by two i.p.
injections of 10^ spleen cells from B10A mice (H-2 kkkd)^ 2 days apart. Spleen
cells from unprimed AS/T mice were used as controls.
2.14.2 Purification and transfer of ceiis and antigen
The host mice, female AS/T were irradiated with 600 rads from a Cobalt
source 24 hours prior to transfer. 6 mice were used in each test group. The
primed T cell subsets were purified as described in section 2.10. For titration
of helper activity, the T cells were tested at two or more dilutions in the range
of 104-10® cells for separated populations and 10®-10^ for unseparated
controls. The primed B cells need to be deprived of any accompanying T
cells. This was achieved by complement killing using anti Thyl .2 mAb
(HOI 3.4) and guinea pig serum as a source of complement. This treatment
depleted >95% of the T cells. 10^ primed B cells were adoptively transferred
with the primed T cell populations. Booster antigen was given at the same
time as the primed T and B cells. The mha's and Thyl.1 (recognized by the T
and B cells respectively) need to be expressed on the same cell (Lake, et al.,
1989). Hence, the cells used for boosting were 10^ thymocytes from
A T hyl.IxB lO A FI mice. Controls included injecting AThyl.1 and mha's
expressed on different cells. All injections were i.p.
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Figure 2.4
Experimental design to determine T ceii help in vivo
T ceii priming

B ceii priming

A/ST

A/ST

prime anti mha - 2 x B10A

prime anti Thy1.1 - 3 x rat thymocytes

minimum 10 days
later

t

CD4+ T cells CD45RA+/CD45RA-

B cells

+ booster antigen
FI A.Thyl.1 X B10Athymocytes

^ . /

/VST host
irradiated 600 rads 24 hours
previously
9 days later
assess helper activity by measuring anti
Thyl.1 titre
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2.14.3 Titration of helper activity by determining anti Thyl
antibody titres
Mice were terminally bled by cardiac puncture under halothane
anaesthesia 9 days after cell transfer. Sera were titrated by complement
dependent 5iC r release from target thymocytes as previously described
(Mitchison, 1990). Sera from individual mice were serially diluted (50pl in
100|il DMEM, 0.1%BSA) in V bottomed microtitre plates. The starting dilution
was usually 1 in 3. Parallel samples were run in which half had been
incubated with 0.1 M 2ME for 30 minutes at room temperature prior to dilution.
Hence the untreated sera contained total Ig whilst the 2ME treated samples
contained only IgG.
The target cells were Thl.1 thymocytes. Approximately, 2-4 x 10^
thymocytes (from 2 thymuses) were washed and resuspended in 1ml of
medium. These were then incubated with 50pl of siC r (ImCi/ml, Amersham
International, UK) for 45 minutes at 370C. The cells were then diluted to
lOmIs and underlaid with 2 mis of PCS and spun at 300 xg for 10 minutes.
The cell pellet was resuspended and passed over PCS twice more. The cells
were then resuspended in medium to give a final concentration in the wells of
2 X lO^/IOOpI (with counts of approximately SOOOcpm). Since 2ME destroys
complement, labelled cells were added to the 2ME treated sera and
incubated for 30 minutes at 37°C. The plates were then spun and the
supernatants removed. Guinea pig serum, pretested for non-cytotoxicity, was
then added to the cells as a source of complement (1/25 final dilution) in
200|il of medium and the cells incubated for a further 30 minutes at 37°C. Por
cells being added to the non-treated sera, complement was added to the cells
and lOOpI added to each well. These samples were incubated for 40 minutes
at 37°C. At the end of incubation of the cells with complement, plates were
spun and lOOpI of supernatant transferred to LP2 tubes, sealed with wax and
counted on a gamma counter (Pharmacia, Sweden). Lysis end points (50%)
were interpolated at constant slope using a Lotus 123 spreadsheet
(Mitchison, 1990). The standard slope was generated by Av Mitchison
from 23 cell titrations over 16 years. Data are expressed in logs units
corresponding to the three fold dilution steps of the sera. The data are
expressed as means of each group of mice with standard errors. Maximum
release was determined using standard high titre antiserum and minimum
release using normal mouse serum.

97

2.15 In vivo depletion of CD45RA+ cells
These experiments are described in detail in chapter 7.

Different

protocols of i.v. antibodies were used to try to optimize in vivo depletion of
CD45RA+ cells. Initially, 500|xg of purified 14.8 was given twice with 2 days
between doses. A comparison was also made between 500|ig14.8 i.v
followed 6 hours later by SOOpg i.p. of purified MARI 8 with 14.8 i.v. plus
SOOpg i.v. complement or 14.8 + SOOpg complement i.v. followed by MARI 8
i.p. As described in chapter 7, some of these experiments were undertaken in
thymectomized mice. Mice were sacrificed at various time points following
antibody treatment to determine the effects on CD45RA subsets in the
peripheral lymphoid organs. Cells from these mice were stained as
described and in some experiments the cells were stimulated with PHA or
lipopolysaccharide (LPS, lOpg/ml final concentration) in standard
proliferation assays as described in section 2.11.
In collaboration with Hermann Waldmann in Cambridge, CD45RA
subsets were assessed in CBA mice treated with anti CD4 and anti CD8
antibodies to induce tolerance to Mls-1^ in vivo (Chapters 5 and 8). All the
treatments were undertaken by the Cambridge group.

2.16 Studies on transgenic mice.
Transgenic mice were used to determine the phenotype of positively
selected thymocytes (chapter 4) and the phenotype of monoclonal T cells
responding to antigen in vivo (chapter 8). Two types of TCR transgenic mice
were used in collaboration with Harald von Boehmer in Basel and Dimitris
Kioussis in Mill Hill.

The systems are described in detail in the relevant

results chapters. Immunizations, thymectomies and cell transfers were
undertaken at the host institutions. The timing and doses of antigen are given
with the relevant results.
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CHAPTER THREE

Anti CD45R antibodies stain mouse T ceiis
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3.1 Introduction
Antibodies recognizing the heavy molecular weight isoform of
murine CD45 had been available for many years but had been used as
pre B and B cell markers. They were commonly referred to as anti B220
antibodies since they were described as recognizing the 220kd form of
CD45 present on B cells. Three such antibodies were described : PAS
SAI (Coffman & Weissman, 1981), RAS-2C2 (Coffman & Weissman,
1981) and 14.8 (Kincade, et al., 1981). They were known to
immunoprecipitate bands of 220 and 205 kd and to recognize a
determinant present in spleen, lymph nodes and bone marrow but not in
the thymus. Later studies had shown 14.8 stained CD8+ lymph node T
cells but not CD4+ T cells (Lefrancois & Goodman, 1987). Since this
staining pattern had mainly been determined by light microscopy and
because the antibodies recognize the same MW isoforms as the human
anti GD45R antibodies, we decided to test their binding to mouse T cells
using a FACS. All three mAb were obtained from the ATCC and
reassessed as probable CD45R antibodies. Some T cell staining had
been shown, using a FACS analyzer equipped with a mercury lamp
(Marvel & Mayer, 1988). However, it only represented a small
percentage (2-5%) of spleen T cells. Using a FACScan (Beckton
Dickinson, USA) equipped with an argon laser I was able to reveal the
existence of cells with low density of CD45RA, which stain dully with the
antibodies RA3-2C2 and 14.8 but not with the mAb RA3-3A1. These dull
staining cells are shown by double staining to be mainly T cells.

3.2 Results
3.2.1 Characterization of the three anti CD45R antibodies
The binding pattern of the 3 anti CD45R antibodies was
characterized by immunoprécipitation and staining experiments. By
immunoprécipitation, an anti CD45 mAb to the common determinant.
M l.93, brings down all 4 molecular weight bands while the anti CD45R
antibodies all bring down only the top two bands on spleen lysate (figure
3.1a). Although the signal from RA3-3A1 was always better than with the
other two antibodies, all three had the same precipitation pattern. RA33A1 also immunoprecipitates the top two molecular weight bands of
CD45 on the T cell clone, 35-10 (figure 3.1b).
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Figure 3.2 shows the pattern of staining on spleen cells using
directly conjugated anti CD45R antibodies. Characteristically three
populations are seen: negative, dull and bright. Since all three mAbs
recognize the same fraction of total spleen cells and immunoprecipitated
the same molecular weight band they might be binding to a similar
determinant. This was tested by cross blocking studies. In these, a
known concentration of each labelled antibody was incubated with
spleen cells in the presence of increasing concentrations of unlabelled
antibody. Each antibody was tested against itself and the other two anti
CD45R antibodies. To test for the specificity of any inhibition seen, each
antibody was also incubated with unlabelled anti CD45 mAb and normal
rat Ig. The results are shown in figure 3.3. In summary, as would be
expected, each antibody can specifically inhibit itself but also all three
antibodies cross inhibit the binding of the others in a specific and
concentration dependent fashion. However, a hierachy emerges in that
RA3-2C2 is the most potent at inhibiting all three antibodies, followed by
14.8 and then RA3-3A1. These data suggest that all three antibodies
are recognizing the same determinant but with a different binding affinity
or that they recognize different determinants which are connected or
overlapping. It is not likely to be related to the isotype of the antibody
since RA3-2C2 and RA3-3A1 are both IgM antibodies.
3.2.2

CD45RA antibodies stain mouse T ceiis.
To determine the expression of CD45R on lymphocyte subsets,
spleen cells were stained with directly conjugated anti CD45R
antibodies and one of the following directly conjugated antibodies: anti
mig, anti CD3 (2C11), anti CD4 (GK1.5), anti CDS (56.7) or anti Thy 1.2
(HOI 3.4). A gate was then set at the level of acquisition on the
lymphocyte subset stained and the expression of CD45R within this
subset determined. The advantage of setting a live gate is that even
small populations can be assessed since the same number of cells is

acquired for each subset regardless of its size as a proportion of all
spleen cells. This enables much more meaningful comparisons to be
made. As shown in figure 3.4, all B cells are brightly positive for all three
antibodies (96.8%, sd 0.4, n=7, age 10 weeks). When gating on total T
cells, there is a clear but mostly dull population of CD45R+ cells which is
smaller when stained with RA3-3A1. The dull T cell population was not
detected using the FACS analyzer and hence the discrepancy between
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Figure 3.1
a) Immunoprécipitation of spleen ceiis with the following
antibodies:
Lane A
MW markers
Lane B
M193
(anti CD45)
Lane C
RA3-3A1
(anti CD45R)
Lane D
14.8
(anti CD45R)
Lane E
RA3-2C2
(anti CD45R)
b) immunoprécipitation of CTL clone, 35-10
Lane A
M l93
(anti CD45)
Lane B
RA3-3A1
(anti CD45R)
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Figure 3.2
Staining of CD45+ spleen cells with three anti CD45R antibodies
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Figure 3.3
Cross Inhibition of 3 anti CD45R antibodies by each other
but not by anti CD45 nor by N rat immunogiobuiin
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earlier reports of only 3% of T cells staining with these antibodies and
the current data where 21.8% (2-3 weeks of age, n=6, sd 1.2) of T cells
are stained. This dull population is clearly seen in figure 3.5 - a dot plot
of staining with anti Thy 1.2 and anti CD45R.
The expression on T cells was analysed further by gating on either
CD4+ or CD8+ cells. As shown in figure 3.4 all three antibodies stain
between 10-25% (mean 14.6%, sd 6.3, n=7, 10 weeks of age) of CD4+
cells and typically there is a very dull peak and a small bright peak.
Because of the dullness of the first peak there is quite a lot of
interexperimental variation in the absolute value of CD4+CD45R+cells
found. However, when cells from different mice, or from the same mouse
but stained with the different antibodies, are compared simultaneously
there is remarkable consistency in the profile obtained. Amongst CD8+
cells the pattern is very different as shown in figure 3.6. At 10 weeks of
age, 68% (sd 8, n=7) of CD8+ cells are stained by RA3-2C2 and 14.8 but
only 20% by RA3-3A1. With the former antibodies, the majority of the
cells are in the dull peak and account for the dull peak seen when
staining total T cells. The bright peak is more variable and is mostly
accounted for by large cells (data not shown). Using RA3-3A1 on CD8+
cells, the dull peak is not seen. Virtually identical patterns of staining of
each subset were seen when T cells from lymph node were stained
(data not shown and figure 3.6).
3.2.3 Expression of CD45R on T cells Is not strain specific.
The antibodies were tested on spleen cells from a variety of mouse
strains and although the exact profile within each subset is not identical,
the differences are not significant and the percentages of positive cells
very similar. Figure 3.7 shows the profile of staining among CD4+ and
CD8+ spleen cells from CBA, B10A and BALB/c mice of similar age and
sex. Although direct comparisons of brightness of staining cannot be
made since the 3 stainings were done on different days, it is worth noting
that where 2 mice were stained in the same experiment the profiles are
almost superposable. Also, the antibody used in these experiments is
RA3-2C2, which gives very similar profiles to those seen with 14.8.
Similar results were found with A/ST, BlOScSn, DBA/2, C57BL/6, C57/L,
C3H and B10BR mice (some of these data are shown in the context of
other experiments in later chapters). Importantly, unlike CD44,
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Figure 3.4
Double staining of spleen cells to show expression
of CD45R among B, CD4+ &CD8+ cells

among slg+
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among CD8+

CD45R
10 w eek old m ale C B A mouse
A gate w as placed on each of the populations indicated
and the expression of CD 45R am ongst these determ ined.
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-----------— — ..............
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Figure 3.5
Double stain of spleen cells with anti CD45RA & anti Thy 1.2
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Figure 3.6
Comparison of expression of 14.8 and RA3-3A1 among CD8+ spieen
and iymph node ceiis

14.8
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RA3-3A1

Gated on CD8+ cells for CD45R expression
Labelled + unlabelled antibody
Spleen
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Figure 3.7
Double staining of spieen ceiis to show expression of
CD45R (RA3-2C2) among CD4+ and CD8+ spieen ceiis of
different strains of mice
CBA
B10A
BALB/c

-1 0 weeks
- 9 weeks
- 7 weeks

All mice were male. Spleens from one or two mice were stained
simultaneously but the different strains were stained on separate
occasions.
A live gate was placed on each of the populations indicated and the
expression of CD45R amongst these determined.
spleen 1---------------------------------------------------------------------------------spleen 2
.............
Labelled antibody inhibited by unlabelled anti CD45R
..............

Figure 3.7
Comparison of expression of CD45R
among CD4+ & CD8+ spieen ceiis in 3 strains
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expression of CD45R among peripheral T cells does not seem to be
strain specific.
At this stage, I had been able to show that the three antibodies,
previously designated as recognizing a determinant only on pre-B and B
cells, also define two populations of T cells i.e. CD45R+ and CD45R-.
Two of these antibodies, 14.8 and RA3-2C2, can be considered to
recognize similar determinants whilst the third, RA3-3A1, defines the
same subset on CD4+ cells but a smaller subset of CD8+ cells.
Arguments will be presented in the discussion (Chapter 9) as to why we
believe that this antibody is also probably binding similar determinants
but with lower affinity. However, for practical purposes, two antibodies
had been identified which appeared to define determinants similar to
those recognized by the human anti CD45RA antibody, 2H4 (Strueli, et
a/., 1987), which had been shown to characterize functionally discrete
subsets of human I cells. On the basis of our data it appeared that RA3202 and 14.8 are anti CD45RA antibodies i.e. similar to 2H4, and as
such, could be used to test various hypotheses about the I cell subsets
they defined in the mouse. Indeed, a study by Johnson et al has
confirmed that both these antibodies are indeed anti GD45RA as judged
by binding patterns to cell lines transfected with exon specific isoforms
(Johnson, eta!., 1989).
3.2.4 Expression of CD45RB Isoforms on spleen and lymph
node cells
The antibody, 23G2, a kind gift from Ellen Pure (Birkeland, et a/.,
1988), recognizes a determinant requiring expression of exon B of the
CD45 gene (Birkeland, et a!., 1989). Staining of spleen and lymph node
with this antibody reveals three populations of cells as shown in figure
3.8. These populations correspond to B cells, CD4+ cells and CD8+
cells respectively as shown in figure 3.9. Essentially all CD8+ cells
express CD45RB. In young mice the staining on CD4+ cells gives a
single peak but in old mice this distribution becomes bimodal (data not
shown) as described by others (Lee, eta!., 1990). However, the only
difference is between dull and bright rather than negative and positive.
All B cells dully express CD45RB.
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Figure 3.8
Expression of CD45RB on spleen and lymph node cells
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Figure 3.9
Double staining of spleen cells to show expression of
CD45RB (23G2) among lymphocyte subsets
Spleen cells pooled from 4 male CBA mice aged 13 weeks
A gate was placed on each of the populations indicated and the
expression of CD45RB amongst these determined.
slg+
CD3+
CD4+
CD8+

B cells
T cells
CD4+ T cells
CD8+ T cells

Uninhibited 23G2
----------Labelled antibody inhibited by unlabelled anti CD45RB...............

Figure 3.9
Expression of CD45RB among spieen iymphocyte subsets
among sig+

among CD3+
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I l'n q
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3.2.5 Co-expression of CD45RA and CD45RB Isoforms on
spleen and lymph node cells.
Not surprisingly from the data above, CD45RA and CD45RB
determinants are co-expressed on T cells. Figure 3.10 shows the
pattern of double staining on spleen and lymph node for 14.8 and 23G2.
From the double staining data in section 3.2.4, it is clear that the dullest
23G2 cells correspond to B cells which are bright for CD45RA. The
brightest peak of CD45RB+ and the dull CD45RA+ cells correspond to
GD8+ cells. Triple staining of CD45RA and CD45RB among either CD4+
or GD8+ spleen cells confirmed that all GD45RA+ cells are GD45RB+
among both GD4+ and GD8+ cells. However, whereas all GD45RB+ are
GD45RA+ among GD8+ cells, few of the GD4+GD45RB+ co-express
GD45RA (figures 3.10 and 3.11 and data not shown). Hence, GD45RB
defines a heterogenous subset and expression of GD45 isoforms is not
equivalent among GD4+ and GD8+T cells.
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Figure 3.10
Double stain of spieen and iymph node ceiis with anti
CD45RA and anti CD45RB
The labelled populations refer to the lymphocyte subsets into
which the populations illustrated fall. These have been ascertained
from separate double and triple stainings. Thus the brightest
CD45RB+ cells are CD8+ whilst the dull CD45RA+ cells are CD8+

Figure 3.10
Double stain of spleen and lymph node cells with
anti CD45RA & anti CD45RB
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Figure 3.11
Schematic diagram of expression of CD45RA and CD45RB among
peripheral CD4+ and CD8+ T cell subsets

Among CD8+

Among CD4+

RA+

?R0+
RB+
?R0+

All CD45RA+ cells are CD45RB+ but only a proportion of
CD4+CD45RB+ cells are CD45RA+.
Since no antibody is available for CD45RO in the mouse, the
overlap between the populations is not clear. However, among
CD8+ cells at least, since virtually all cells express CD45RB
brightly, any CD45RO+ cells must coexpress the two isoforms
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3.3 Summary of data in Chapter 3
1. Three anti CD45R antibodies, 14.8, RA3-2C2 & RA3-3A1, are
shown to stain mouse spleen cells and to recognize the same or similar
epitopes as judged by immunoprécipitation and cross inhibition studies.
2. All three antibodies stain a subset of mouse I cells and can no
longer be regarded solely as anti B220 antibodies.
3 The CD45RA determinants are expressed on approximately
20% of spleen and lymph node CD4+ T cells.
4. 70-80% of CD8+ spleen and lymph node T cells express a
determinant recognized by 2 of the antibodies - 14.8 and RA3-2C2. In
contrast, RA3-3A1 only stains about 20% of CD8+ T cells and this
probably reflects a difference in affinity rather than recognition of a
different epitope. 14.8 and RA3-2C2 have subsequently been formally
classified as anti CD45RA mAbs (Johnson et al., 1989).
5. The expression of these markers is not strain specific.
6. An anti CD45RB mAb, 23G2, stains all peripheral T cells though
the expression of the determinant is brighter on CD8+ cells than on
CD4+ cells.
7.
Unsurprisingly therefore, all CD45RA+ T cells are also
CD45RB+. However, whilst all CD8+CD45RB+ cells are also CD45RA+,
the CD4+CD45RB+ subset is heterogenous and most cells in this subset
do not express the determinant recognized by anti CD45RA mAb.
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3.4 Conclusions and outline of the studies undertaken
On the basis of these studies, I went on to use RA3-2C2 and 14.8 to
further characterize the T cell subsets defined by these antibodies.
Since the antibodies recognize the same determinant they were used
interchangebly, the choice for a particular type of experiment depending
on technical factors e.g. until directly PE labelled 14.8 was available,
RA3-2C2 gave the strongest staining. However, RA3-2C2 is destroyed
by coupling to PE and therefore 14.8 had to be used. Furthermore, it
was necessary to use 14.8 (lgG2a) in purification procedures since this
antibody gave better yields (Chapters 6 and 7).
As discussed in chapter 1, in humans, the anti CD45RA mAb, 2H4,
had been shown to split CD4+ T cells into "suppressor inducer"
(GD45RA+) and "helper inducer" (CD45RA ) subsets (Morimoto, et al.,
1986). Others had shown that CD45RA expression appeared to define
naive CD4+ T cells which on being exposed to antigen and becoming
memory cells lost CD45RA and expressed the low molecular weight
isoform, CD45RO (Akbar, eta!., 1988; Beverley, 1987; Byrne, eta!.,
1988; Clement, et a!., 1988). As we now had comparable antibodies in
the mouse we set out to address the following issues:
1.

Does CD45RA define the thymic generative lineage?
If CD45RA is the marker of all naive T cells then several predictions

can be tested : a) expression would be expected to increased in the
thymus, the source of naive T cells, b) it might be expressed at all stages
of ontogeny and thymic maturation and c) positively selected thymocytes
which are not subsequently negatively selected should be CD45RA+.
Evidence is presented that whilst CD45RA+ thymocytes may represent a
continuous lineage throughout thymic maturation and ontogeny, they do
not account for all cells surviving positive selection and leaving the
thymus. (Chapter 4)
2. Does the in vivo phenotype of peripheral CD4+ and CD8+
T ceiis correlate with CD45RA being a marker of naive ceils?
The expression of CD45RA in the periphery following thymectomy
and during ageing was determined. Exposure to environmental
antigens would be expected to lead to a decline in the proportion of
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CD45RA+ peripheral T cells if this is a marker of naive T cells. The
relationship between expression of CD45RA and CD44, a putative
memory cell marker, was also determined. The CD4+CD45RA+and
CD8+CD45RA+ subsets are shown to differ in their stage of maturation in
the periphery. This in vivo situation is compared with findings on
activation in vitro. Since the in vitro and in vivo situation are shown to
differ, maturation was further addressed by studying newly regenerated
CD4+ and CD8+ peripheral T cells as well as the fate of adoptively
transferred cells. (Chapter 5)
3.

Is lack of CD45RA expression a marker of hyporesponsive

cells?
The response of purified CD4+GD45RA+ and GD4+CD45RA- to
mitogen and anti GD3 antibody shows the former subset to be
hyporesponsive to these stimuli in vitro. (Chapter 6).
4.
Is the expression of CD45RA associated with unique
cytokine profiles, naive phenotype, and/or anergy?
Expression of GD45RA is shown not to correlate the Th1/Th2
lymphokine split (Chapter 6). Memory and effector functions were tested
in vitro (CD8+ T cells) and in vivo (CD4+ T cells) and whilst expression of
CD45RA correlated with a naive phenotype for CD8+ cells in vitro this
was not the case among CD4+ cells. (Chapter 7) Furthermore studies
on TCR transgenic mice suggest that loss of CD45RA is a feature of
continued activation by antigen rather than of memory cells per se.
(Chapter 8). Some data are also shown to suggest that although
CD45RA+ T cells may be hyporesponsive, this marker does not define
anergic T cells. (Chapter 8).
5.
Can CD45RA- cells revert to CD45RA+? This question
was not directly addressed by adoptive transfer of purified CD45RA+ T
cells. However, data from several of the systems studied suggest that re
expression may occur both in vivo and in vitro. Notably the effect of
thymectomy and ageing (Chapter 5), the pattern of expression after
exposure to PHA and IL2 (Chapter 5), and the studies on in vivo
activation in transgenic mice (Chapter 8).
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CHAPTER FOUR

CD45RA expression in the thymus
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4.1 Introduction
Having established that the anti CD45RA mAb's RA3-2C2 and 14.8
stain both CD4 and CD8 cells in the periphery I went on to determine
expression of these isoforms in the thymus. A marker of naive cells
might be expected to be over-represented in the thymus but earlier
studies in the human (Pilarski, etal., 1989) and in the mouse (Lefrancois
& Goodman, 1987) suggested that this is not the case. In the human
thymus CD45RA isoforms are only expressed on 4-5% of thymocytes
(Serra, etal., 1988), many of which also express CD45R0 (Pilarski etal.,
1989). Of these CD45RA+ thymocytes, 75% were shown to be CD3+ i.e.
mature, of which half were CD4 and half CD8 single positive (Serra et
al., 1988). In the human infant thymus, staining of sections reveals that
30-40% of medullary thymocytes are CD45RA+ or UCHL1+. Of the
CD45RA+ cells, 30-45% are CD4+ and 20-35% are CD8+ (Janossy, et
al., 1989). FACS staining showed most of the CD45RA+ cells to be
bright for CD3 but a small proportion of CD45RA+ blasts were negative
for CD3 (Janossy et ai, 1989). In vitro culture of thymocytes resulted in
an increased proportion of CD45RA+ cells most of which expressed
CD2 and were bright for CD3 (Serra etal., 1988). 75% of the CD45RA+
cultured thymocytes were CD8 single positive, the rest being CD4 single
positives after 4-7 days of culture (Serra etal., 1988). Interestingly, most
thymocytes are CDw29 dull and following culture all the CD45RA+
become CDw29 bright (Serra et ai, 1988). This is in contrast to
peripheral blood lymphocytes, where these antigens are largely
reciprocally expressed.
The CD45RA+ thymocytes are mostly medullary in location
(Jan ossy et a i, 1989) in keeping with a phenotype of mature
thymocytes. By 9.5 weeks of gestation all human thymic lymphoid cells
are CD45+ (Haynes, et ai, 1989) and 29% of human foetal medullary
thym ocytes are CD45RA+ (Harvey & Jones, 1990). In mice,
immunoprécipitation with an anti CD45 antibody showed that the heavy
molecular weight isoforms were only present on CD4 and CD8 single
positive thymocytes but not among the double positives or double
negatives (Lefrancois & Goodman, 1987). Similarly, in the sheep, only
the two lowest molecular weight bands are seen when thymocytes are
immunoprecipitated with anti CD45 mAb's (Mackay, et a i, 1987). Using
the monoclonal antibody RA3-6B2 which immunoprecipitates the 220
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mw band of CD45 but which does not recognize the isoform requiring
expression of exon A (Johnson, etal., 1989) conflicting data on the
presence of CD45R+ cells among the double negative subset had been
obtained (Gause, etal., 1988; Wilson, etal., 1988). So, although
CD45RA is clearly expressed on some of the single positive thymocytes
in mice, little was known about the two other thymocyte subsets, the
double negatives and double positives.
As described in chapter 1.6, the least mature thymocytes (double
negatives) do not express CD4 or CD8. With maturation they pass
through a double positive stage and the most mature thymocytes
express either CD4 or CD8. Whilst the roles of the TCR and CD4/CD8
molecules in positive and negative selective processes have been
largely clarified, the contribution of other T cell surface molecules is
much less clear. Moreover, a paradox in the development of T cells in
the thymus is that the least mature cells (CD4"CD8') often share with the
most mature (CD4+CD8- and CD4 CD8+) markers which are poorly
expressed in intermediate cells (CD4+ CD8+); this is true of pgp1(Budd,
et a i, 1987; Lynch & Ceredig, 1988) and STB1 in the mouse (Andrew &
Jayakumar, 1989; Fisher, etal., 1989), CD45R in humans (Pilarski etal.,
1989) and the rat (Law, eta l., 1989). This might represent two
successive shifts in phenotype, from positive to negative and then back
to positive. Alternatively the intermediate population might contain a
minor sub-population, possibly a very small one, which would retain the
markers in question and which might identify a continuous lineage of
cells. Since most thymocytes die at the CD4+CD8+double positive
stage (Scollay, etal., 1988) it is critical to assess whether all are
subjected to selection processes or if only small populations are, since
in the latter case the interpretation of signalling effects in the double
positive cells would be radically altered. Such studies (Smith, et al.,
1989) would then be telling us more about the special properties of a
doomed cell than about signals for negative selection. It would be
technically difficult but not impossible to test this alternative hypothesis
in full, but in the meanwhile valuable information can be obtained simply
by examining expression of the markers within the intermediate
population. The following data addresses these issues by determining
expression of CD45RA within all the subsets defined by CD4 and CD8
in the mouse thymus, using three-colour flow cytometry.
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4.2 Results
4.2.1 CD45RA expression among thymocyte subsets In young
and adult B10A mice.
Triple colour analysis was used to define the percentage of
CD45RA positive cells in each of the 4 major subsets defined by
expression of CD4 and CD8 i.e double negatives (DN), double positives
(DP), CD4 (CD4+) and CD8 (CD8+) single positives. Table 4.1a)
summarizes the data for 4 week old mice and table 4.1b) the data for 7
week mice, and FACS profiles from a representative experiment are
shown in figure 4.1.
A definite subset of CD45RA+ cells can be seen within the double
negatives and CD8 single positive subsets. The percentage of
CD45RA+ cells found among the two other subsets is very low (figure
4.1). Ezine et al have shown that the CD45RA+ double negative cells
are not thymic antigen presenting cells since double negatives
extensively depleted of la+ and Mac 1+ cells still contain a discrete
population of CD45RA+ cells (Ezine, etal., 1991). Such treatment
depletes the small population of intrathymic B cells (Miyama, et al.,
1988).
Each population has a distinctive size profile (based on forward
scatter) that is highly reproducible from one experiment to another with
double negative cells the largest and single positives somewhat
smaller. In contrast double positive cells show two clear populations,
one (the majority) the size of small lymphocytes, the other of much larger
cells (figure 4.2). If a gate is placed so that only the blast population is
examined then small but distinct populations of CD45RA+ cells can be
seen within both the double positive and CD4 single positive subsets,
(table 4.1c & d and figure 4.3).
4.2.2 Thymocyte subset distribution among CD45RA+ cells
To confirm the existence of a subset of CD45RA+ cells among CD4
single positive and double positive thymocytes, the CD4/CD8
phenotype of the CD45RA+ cells was examined. Since CD45RA+ cells
only represent 1 - 2% of the total thymic population, gating on that
subset would allow detection of CD45RA+ double positive cells even if
those cells comprise fewer than 1% of the total thymic population.

122

Figure 4.1
Expression of CD45RA among the thymocyte subsets defined
by expression of CD4 and CD8.
B1OA mouse - 4 weeks
Live gates were set on each of the subsets identified
......
CD45RA inhibited by unlabelled CD45RA
CD45RA uninhibited
------

Figure 4.1
CD45RA expression among the thymocyte populations defined by the expression of CD4 and CD8
in a 4 week B10A mouse
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Figure 4.2
Size profiles of the thymocyte subsets defined by CD4
and CD8
2 B1 OA mice - 4 weeks
The scale for size (as judged by forward scatter) is linear.
The data for two mice are shown (— an d
).
The dashed vertical line has been placed to allow comparison of
the size of the four subsets and is set at the division between small
and large double positive cells (400 on the linear scale).

Figure 4.2
Size of the ceiis within the thymocyte subsets defined by expression of CD4 and CD8
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Figure 4.3
Expression of CD45RA among CD4+CD8+ blasts
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Exp.
1
2
3
a) 4 weeks old - total cells
DN
10
14
13.5
DP
0.4
0.5
0.3
CD4+
0.7
0.4
0.5
CD8+
13.5
3
6

ro
G)

b) 7 wee ks old - total cells
DN
4.8
20*
8
DP
0.7
0.5
0.5
CD4+
0.1
1
0.5
2
5.2
CD8+
2.3
itted from sd calculation

4

5

6

7

8

9

Mean (Sd)

11

10

9.3

5

5.2

7

9.4

0.3
0.5
3.3

0.3
0.6
4.2

0.1
0.4
2.1

0.1
0.1
1.1

0.1
0.1
2.3

0.2
0.3
10

9
0.4

5
0.7
0.7
1.6

4
0.2
0.2
1.7

8

9

0.7

1
0.7

0.5
6.3

Exp.
4
7
6
5
c) 4 wee ks old - among blast cells
DP
1
0.7
0.5
2.5
CD4+
1.2
1
6
5
d) 7 wee ks old - among blast cells
DP
1.2
1.3
1.5
2
ND
CD4+
ND

2

(3.2)

0.25 (0.1)
0.4
(0.2)
5
(4.0)

6.2
0.5
0.5
3.2

(2)
(0.3)
(0.3)
(2)

1.1
2.7

(0.7)
(2.3)

1.3

(0.2)

Table 4.1
Percentage of CD45RA+ cells among the B10A thymocyte subsets defined by staining with anti CD4
and anti CDS

Results for 6 separate stainings among 4 week old mice and 5 stainings
among 7 week old mice are summarized in table 4.2a) and 4.2b)
respectively, and a typical plot of CD4 and CD8 staining is shown in
figure 4.4.
As can be seen from the plot and the table there are distinct
populations of double positive and CD4 single positive thymocytes
expressing CD45RA. They cannot be accounted for by spill into the
CD45RA+ population as they are present in almost identical proportions
when even the most stringent gate is placed on the CD45RA+ cells
(e.g.on the brightest 5%). These data also argue against the possibility
that the double positive blasts expressing CD45RA seen in the previous
section represent doublets of single positive cells. Gating on the
CD45RA+ subset, approximately 10% of the cells are double positive
and since up to 10^ events were acquired it is extremely unlikely that
such a proportion of events would be accounted for by doublets.
In mice, the discrepancy between the proportion of CD4 single
positive and CD8 single positive CD45RA+ cells observed in the thymus
is also found in the periphery where 65% of CD8 single positive spleen
cells are positive compared with only 20% of CD4 single positive cells
(Chapter 3 and (Marvel, etal., 1989).
4.2.3 CD45RA expression among 16 day foetal thymocytes.
Because CD8 is expressed slightly earlier than CD4 as double
negative cells mature to become double positive, cells from 16 day
foetal thymuses were examined. At 16 days the foetal thymus
comprises mostly double negative cells, with a few CD8 single positive
cells, few if any double positive cells and no CD4 single positive cells
(data not shown and (Husmann, etal., 1988)). As can be seen from
table 4.3, CD45RA+ cells could already be detected among the CD8
single positive cells at day 16.
The surface glycoprotein known as heat stable antigen (HSA) is
present on a small percentage of CD8 single positive cells, as well as all
double positive cells, and is said to mark immature thymocytes in
contrast to GD8 single positive HSA" cells which function in the same
way as peripheral CD8 single positive cells (Crispe & Bevan, 1987). All
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Table 4.2
Percentage of cells belonging to CD4+ and CD8+ defined subsets
amongst CD45RA+ thymocytes In B10A mice.
a) 4 wee ks old
Expt
DN
DP
CD4+
CD8 +

1

2

3

4

5

6

M ean(sd)

68
16
5.2
9.3

73

66.5

76

76

70.4 (5.4)

13
7.2
7.1

13
8.6
10

12.5
4.2
4.7

10
4
9.8

63
7
4.3
25

9.3
(4)
5.6 (1.9)
11

(7)

b) 7 weeks old
Expt

1

2

3

4

5

DN
DP
CD4 +
CD8 +

71.5
13.2
7.2
8.2

74

71

12.5
6.3
8

5.8
5
18

81.5
9
2
7.6

75
14
3
8.4
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M ean(sd)
75

(4.3)

11 (3.4)
4.7 (2.2)
10 (4.4)

Figure 4.4
Expression of CD4 and CD8 among CD45RA+ thymocytes
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Table 4.3
Percentage of CD45RA+ cells amongst 16 day fetal thymocyte
double negative and CDS single positive subsets.

Exp.

1

2

3

CD4-CD8CD4-CD8+

5
2

4.2
2

3
2.5
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Mean (sd)
4.1
2.2

(1)
(0.3)

the CD8 single positive cells in the 16 day thymuses were also positive
for heat stable antigen (as judged by dual staining with YBM5.10 and
anti LY2, data not shown), and thus had an immature phenotype.
This work was extended further in collaboration with Sophie Ezine
(Paris) who showed that 21% of day 14 foetal thymocytes express
CD45RA and this percentage diminishes with increasing foetal age.
However, the total number of thymocytes expressing CD45RA increases
during foetal life and is maximum in the 2 day old neonate (Ezine et al.,
1991). Furthermore, at day 14 of foetal life, 20% of thymocytes are
CDShright and of these 50% are CD45RA+. These early CDShright cells
in the foetus must express the yô T cell receptor as ap is not expressed
until day 17 (reviewed in (Robey, etal., 1990)). Therefore, it follows that
the early foetal CD45RA+CD3+ subset must bear the yÔ+ TCR.
4.2.4 The cells which survive cortisone treatment and
Irradiation are enriched for CD45RA
Determining differentiation steps in vivo is hampered by the fact
that several differentiation stages coexist at any time and precursors
may represent only a tiny minority of the cells present (discussed in
chapter 1). One approach to studying mature and regenerating
thymocytes has been to use reagents, such as cortisone, which causes
a loss of immature thymocytes, or irradiation which depletes thymocytes,
and allow synchronous regeneration of thymocyte subsets (reviewed in
(Penit & Ezine, 1989)). C57BL/10 mice were treated with either lOmg
hydrocortisone i.p. or 600 rad. On day 3 post hydrocortisone and days 5
and 12 post irradiation, thymuses from treated mice were triple stained
to determine the expression of CD45RA, CD4 and CD8. 3 days after
hydrocortisone and 5 days after irradiation, thymuses were markedly
depleted of cells; recovery was about 2 x 10^ cells from hydrocortisone
treated mice and 5 x 10^ cells from irradiated animals. By day 12 post
irradiation, these values had recovered to virtually normal i.e. 8 x 10?
cells. As previously shown by Penit and Ezine (Penit & Ezine, 1989),
the cells present at the early time points comprise those which are
resistant to the treatments as well as regenerating actively cycling cells.
In contrast, at the later time regeneration has occurred and the
CD4/CD8 subset distribution essentially represents that of a normal
thymus.
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Single staining shows a marked increase in the percentage of
CD45RA+ cells both after hydrocortisone treatment (26%± 3%) or at day
5 post irradiation (15%± 6%) when compared to untreated mice (2%±
0.2). This partly reflects the relative increase in the proportion of mature
cells in these thymuses as judged by the percentage of CDSbhght cells
(88% and 64% respectively compared to a normal value of 12%).
However, as shown in table 4.4 when expression of CD45RA among the
4 thymocyte subsets is measured, the most dramatic increase in the
proportion of CD45RA+ cells is seen among the double positive subset.
The absolute numbers of double positive cells is diminished at this time
(accounting for fewer than 2% of total thymocytes) and the increase in
the percentage of CD45RA+ cells suggests that this is the phenotype of
the more mature, and hence steroid and cortisone resistant, double
positive cells. This then might suggest that the double positive cells
which go on to survive selection and become single positive express
CD45RA. This is partly supported by the finding that by day 12 after
irradiation, when normal numbers and CD4/8 subsets of thymocytes are
found and the thymus has undergone a wave of synchronised
maturation, 61% of the CD45RA+ cells are double positives (data not
shown). However, it must be noted that expression of GD45RA among
GD4 single positives is almost undetectable at all stages of
regeneration.
4.2.5 Positively selected cells are not all CD45RA+
Having demonstrated that GD45RA+ cells are present early in
ontogeny, in all subsets defined by GD4 and GD8 and also on
regenerating thymocytes, it was tempting to speculate that not only does
GD45RA define a continuous lineage of thymocytes, but that it defines
the generative lineage. It is difficult to assess this question in a normal
thymus as, even in the single positive compartment, cells are at different
stages of differentiation. One approach to try to answer this question
was to study TGR transgenic mice.
This was undertaken in
collaboration with Harald von Boehmer (Basel, Switzerland). The
transgenic mice express an ap TGR derived from a GTL clone which
recognizes H-Y antigen in the context of Qh. The effects on positive and
negative selection have been described in chapter 1. If the transgenic
(TG) TGR is expressed on T cells in female Dh mice the TG T cells are
positively selected since they recognize the self MHG but they never
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Table 4.4
Expression of CD45RA among the different thymocyte
subsets following hydrocortisone or irradiation

Gated
populations
CD4- CDSCD4+CD8+
CD4+CD8CD4- CD8+

%CD45RA+cells
C R ia
Normal
RR5b
6 ±3
<1

4±2
21 ±1

1

<1

25 ±5

35 ±2

2±1
40 ±6
<1
40 ±7

RR12
<1
4±2
<1
25 ±8

mean data from 2 - 4 experiments using C57BL/10 mice.
^CRT cortisone treatment 3 days previously
t>RR irradiation 5 (RR5) and 12 (RR12) days previously
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encounter antigen i.e. the male antigen H-Y, and hence are not
negatively selected. Since the TG TCR is specific for class I the
positively selected cells are CD8 single positives. For our purposes
these mice provided the possibility to study the CD45RA phenotype of
cells which had undergone positive selection but none of which would
be subject to negative selection i.e. the CD8 single positives in a female
Db ap TG mouse. We argued that if the only cells which survive
selection are GD45RA+, then in a transgenic female
mouse, the GD8
single positive subset should be enriched for GD45RA+ cells. Two
transgenic mice were studied. Triple staining was used to identify to
identify the transgenic cells with the anticlonotypic mAb, T3.70, anti GD8
and anti GD45RA. Such staining reveals a "normal" profile of GD45RA
staining among the ap TG GD8 single positive cells (figure 4.5). Of the
TG TGRbrightCD8+ cells 9.7% and 11.4% are positive for GD45RA in the
two mice respectively. 90% of the T3.70+ cells are GD8+ and fewer than
5% are GD4+ indicating that most of the cells identified within such a
gate are GD8 single positives. Hence both GD45RA+ and GD45RA'
thymocytes can be positively selected.
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Figure 4.5
Expression of CD45RA among positively selected CDS single positive
cells expressing a transgenic TCR
B6 ap TG

C57/LapTG

si
§

T3.70

Two female Db transgenic mice both expressing the H-Y specific ap TCR
Triple stained and gated on GD8+ cells for expression of GD45RA & T3.70
Upper panels - inhibited anti GD45RA
Lower panels - uninhibited anti GD45RA
Figures are the % of total within each quadrant

1 35

4.3 Summary of findings in Chapter 4
1. A small percentage (2-5%) of young and adult thymocytes
express CD45RA. The majority of these are found within the double
negative and CD8 single positive subsets as assessed by three colour
flow cytometry.
2. By analyzing the expression of CD4 and CD8 among CD45RA+
thymocytes, it is shown that all stages of thymic maturation are
represented i.e. double negative, double positive and CD4 and CD8
single positives.
3. Staining of 16 day foetal thymocytes demonstrates that CD45RA
is expressed on a subset of double negative and immature CD8 single
positive cells prior to the double positive stage. CD45RA is present
throughout ontogeny and is present on CD3+ cells as early as day 14.
This implies that at least a proportion of yô+ T cells express CD45RA.
4. CD45RA is expressed on a significant proportion of the most
mature CD3+ cells which are resistant to treatment with hydrocortisone
or irradiation. Furthermore, among the regenerating double positive
cells, the proportion of CD45RA+ cells is increased.
5. Studies on TCR transgenic mice show that the proportion of
GD45RA+ is not increased in cells which have been positively selected.
This argues against CD45RA+ being the only lineage to survive thymic
maturation.
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CHAPTER FIVE

The maturation stage of the peripheral G D 4+C D 45R A +
subset is different from that of the CD8+C D45RA +
subset.
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5.1 Introduction
The results in the previous chapter suggest that although
CD45RA+ cells may constitute a thymic lineage, both CD45RA+ and
CD45RA- cells are likely to emigrate to the periphery. Furthermore,
differences between expression of CD45RA among CD4+ and CD8+ T
cells are already apparent. Very few CD4+CD45RA+ cells are seen in
the thymus in contrast to CD8+CD45RA+ cells and such a few could
not account for the daily emigration to the periphery (discussed in
chapter 9 and Lightstone & Marvel, 1990). These data already
seemed to contradict the starting hypothesis, namely that expression
of CD45RA on T cells represents the first stage along a differentiation
pathway from naive T cells expressing CD45RA through activation and
conversion to memory cells which have irreversibly lost the CD45RA
antigen. This hypothesis had largely arisen from in vitro studies using
human cells e.g. (Akbar, etal., 1989; Merkenschlager & Beverley,
1989; Merkenschlager, ef a/., 1988). One possibility previously
invoked to account for the paucity of thymic CD45RA+ cells is that
CD45RA is expressed on cells just as or immediately after they exit the
thymus.
The phenotype of thymic emigrants can be tested directly by
labelling intrathymic cells with fluorescein and determining the
phenotype of fluorescein labelled cells reaching the periphery
(Scollay, et al., 1980). However, such a technique only picks up a
small proportion of thymic emigrants and does not provide information
about the long term fate of such cells. An alternative approach, and
the one taken here, is to study to effects of thymectomy on the
phenotype of peripheral T cell subsets. Thymectomy would be
predicted to lead to a fall in the size of the peripheral pool of CD45RA+
and not CD45RA' T cells if the former were the only subset to exit the
thymus and contribute to the naive T cell pool. However, the changes
in the size of this pool are also be dependent on the lifespan and self
renewal capacity of the CD45RA+ T cells in the periphery. To address
these issues, the percentage of CD45RA+ T cells has been studied
from 10 days up to 2 years of age in thymectomized and control mice.
Following thymectomy, there is a drop in the proportion of CD45RA+
cells among the CD8+ subset whilst among CD4+ cells the population
most affected is the CD45RA". However, there is very little change
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with ageing in non-thymectomized mice. Furthermore, in contrast to
expectation, CD44, a memory cell marker (Budd, et al., 1987;
Butterfield, et a!., 1989), is shown to be expressed by 75% of the
CD4+CD45RA+ cells and 20% of CD8+CD45RA+ cells. We also
studied expression of CD45RA following activation in vitro. Finally, we
looked at the CD45RA phenotype of regenerating T cells.

5.2 Results
5.2.1 Thymectomy leads to a fall the number of CD8+
C D 45R A +
periphery.

T cells but not CD4+

CD45RA+ cells in the

To study the effect of thymectomy on the peripheral pool of
CD45RA+ cells, B10A and CBA mice were thymectomized at 10 days
or 4 weeks of age. Sham thymectomies were undertaken on
littermates at the same time. 1 or 2 sham and 2 thymectomized mice
were stained at each time point. As shown in figure 5.1 there is a fall
in the total number of CD8+ and CD4+ spleen cells following
thymectomy though the fall is consistently greater among the CD4+
cells. When the percentage of CD45RA+ cells within each of these
subsets is studied, a significant decrease is only found among the
CD8+ cells. Among CD8+ cells, only the CD45RA+ population
declines significantly. In contrast, the fall in the number of CD4+ cells
is largely due to a fall in the number of CD45RA' cells. These changes
are not seen at 6 weeks following thymectomy, but are seen from 10 12 weeks and became more marked with time (figure 5.1). The
changes in the CD45RA subsets following thymectomy are similar in
B10A and CBA mice. In CBA mice, thymectomized at 4 weeks of age,
only 12% of CD8+ are CD45RA+ 1 year following thymectomy
whereas the sham thymectomized animals have a similar percentage
to that of nonoperated 2 year old controls (51%). However, the fall in
CD8+CD45RA+ cells over and above that expected from ageing is
only seen in a proportion of the animals studied one year following
thymectomy. It is worth noting however that in mice where a fall in the
number of CD8+CD45RA+ cells is seen there is still no fall in the
number or percentage of CD4+CD45RA+ cells. As with the B10A
mice, there is no difference between the profiles of CD45RA+ cells
among CD4+ cells in the sham compared with the thymectomized

139

Figure 5.1
Effect of thymectomy on numbers of splenic CD4+ and CD8+
cells expressing CD45RA
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mouse (figure 5.2). Thymectomy at 10 days of age gives similar
results to those at 4 weeks (figure 5.1 A and 5.1 B).
As shown previously by others (Budd etal., 1987) there is a
marked rise in the proportion of CD44+ I cells following thymectomy
(figure 5.3). Overall, these data suggest that the peripheral pool of
CD8+CD45RA+ T cells is generated and maintained by the exit of
CD45RA+ cells from the thymus but this does not appear to be the
case for the CD4+CD45RA+ subset. To further investigate the
maintenance of CD45RA+ subset in the periphery, the expression of
CD45RA among CD4+, CD8+ or Mlg+ cells was determined in ageing
mice.
5 .2 .2 Maintenance

of

the

CD45RA+

population

among

spleen lymphocyte subsets with age in vivo.
The percentage of CD45RA+ cells among the lymphocyte
subsets of B10A and CBA spleen cells was determined using two
colour flow cytometry. Prior to 1 week of age there are virtually no
detectable T cells in the spleen, with most cells expressing no CD4,
CD8 or sig. Therefore spleen cells from mice aged 11 days to two
years were studied. In almost all experiments, cells from two mice of 6
to 10 weeks of age and 2 mice of another age were stained
simultaneously to allow direct comparison of the number of positive
cells. The total number of spleen cells rises from 11 days to 1 year of
age and then declines by two years (figure 5.4). The percentage of
lg+, CD4+ and CD8+ cells increases from 11 days to reach a plateau
by 10 weeks following which the values are maintained or decline
slightly (figure 5.4). Because the spleen cell numbers and the
proportion of GD4+ and CD8+ cells change with time, the data on
CD45RA expression in ageing mice are expressed as percentages
rather than absolute cell numbers.
CD45RA is expressed on more than 95% of B cells and this does
not change with increasing age (figure 5.5). GD45RA is expressed on
71% (sd 1.4%) of GD8+ T cells at three weeks of age. As shown in
figure 5.5, there is a decline in the proportion of GD8+GD45RA+ cells
up to one year of age (mean 61%, sd 3.7%) but this does not change
significantly thereafter.
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Figure 5.2
Comparison of expression of CD45RA among CD4+ and CD8+
cells in aged thymectomized and non thymectomized mice

in CD4+

CD45RA
CBA male mice:
age 6 weeks
age 2 years
18 months post thymectomy
18 months post sham thymectomy
negative control
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Figure 5.3
Comparison of expression of CD44 among CD4+ and CD8+
celis in aged thymectomized and non thymectomized mice

in Thy 1.2+

CD44

GBA male mice:
age 6 weeks
age 2 years
18 months post thymectomy
18 months post sham thymectomy
negative control
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Figure 5.4
a) number of lymphocytes In spleens from B10A
mice of Increasing age
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Figure 5.5
Percentage of CD45RA+ cells within each lymphocyte
subset In spleens from B10A mice of Increasing age
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The percentage of CD4+CD45RA+ was calculated using the
marker set by the negative control and this percentage varies between
10 and 30% (figure 5.5). When comparing mice of different ages,
there is a significant fall (p<0.05, U statistic) in the percentage of
CD4+CD45RA+ cells from 3 and 10 week old mice compared with
those from 11 day old mice. However, in older mice the difference
becomes non-significant (figure 5.5). The data shown are for B10A
mice but very similar results are found in ageing CBA mice.
5.2.3 The percentage of CD44+ T cells Increase with age
but anti CD44 also stains a population of CD45RA+ T ceils.
CD44, a 90kd membrane glycoprotein, which recognizes
hyaluronate and is involved in cell adhesion to extracellular matrix and
high endothelial venules (Stamenkovic, et ai, 1991), has also been
used as a marker of antigen primed T cells in the mouse (Budd et ai,
1987; Butterfield et a i, 1989) and human (Sanders, et a i, 1988).
Therefore, it would be expected that it would not be co-expressed with
a marker of "naive" cells. Spleen cells were triple stained for either
CD4 or CD8 together with CD44 and CD45RA and the expression of
the latter two markers among CD4 and CD8 cells determined. Results
show that CD45RA and CD44 are co-expressed on CD4+ and CD8+
cells, though in different proportions (table 5.1). Among CD4+ cells
the majority of CD45RA+ cells are also CD44+ whereas this pattern is
reversed in the CD8+ cells where the majority of CD45RA+ cells are
CD44". In mice, a significant rise in the percentage of CD44+ Thyl .2+
cells is found with increasing age (Budd et ai, 1987; Lerner, et a i,
1989) and our data not shown). When expression of CD44 with age
was studied using triple staining, most of the increase in CD44+ cells
with age is among the population of CD4+CD45RA” cells (table 5.1).
Among CD8+ cells, increased numbers of CD44+ cells are found
among both CD45RA subsets (table 5.1). These data imply that either
the CD45RA+ population contains antigen primed cells, or that CD44
is not exclusively a marker of memory cells. Moreover, the data
provide further evidence that the subsets defined by CD45RA among
C D 4 + and CD8+ cells are different either in their stage of
differentiation or function.
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Table 5.1
In young mice, the majority of CD4+CD45RA+ cells express
CD44 whereas only a minority of CD8+CD45RA+ coexpress
C D 44

Percentage of CD44+ celis amongst :

10 wks

CD4+

CD4 +

CD8 +

CD8+

CD45RA+

CD45RA-

CD45RA+

CD45RA-

76.5

28.5

21.5

40.5

65.5

56.5

74.5

2 years 88

Data shown represent the mean percentages from triple stain!ngs on two
mice.
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5.2.4 Incomplete loss of CD45RA on T cell subsets after in
vitro activation.
Having established that the expression of CD45RA on T cells in
vivo is remarkably constant, it was necessary to study expression in
vitro as it may be that expression of CD45RA on mouse T cells
behaves differently from human or, perhaps more likely, maintenance
of expression in vivo differs from that in vitro.
Spleen or lymph node cells from male CBA mice were cultured
with optimal concentrations of PHA for three days, following which the
cells were washed and maintained in medium alone or they were
restimulated with IL2 (100 -150 U/ml) for up to three weeks. For the
first 7 - 1 1 days the cell numbers approximately doubled every 48
hours and thereafter remained constant. Cells were stained for
expression of CD45RA among CD4+ and CD8+ cells at various time
points. 5 days after the start of the cultures, expression of IL2R is
maximal and there is a similar level of IL2R expression among the
CD45RA+ cells (mean 64%) when compared with the total culture
(mean 88%). As shown in figure 5.6, there is an early fall in the
percentage of CD45RA+ cells among CD8+ cells by day 3 but this
recovers by day 7 to normal levels. In one experiment the cells have
been followed for up to 21 days and a further decline in the proportion
of CD8+CD45RA+ cells is seen but more than 30% remain positive.
Among CD4+ cells there is a trend towards loss of CD45RA
expression. This may reflect the continued activation in vitro and
suggests the possibility that early fall followed by maintenance of
expression in vivo may be due to re-expression of CD45RA in the
absence of continued activation. If IL2 is not added to the cultures,
cells do not proliferate, there is early cell death and a much more
marked loss of CD45RA in both subsets (data not shown).
5.2.5 Depletion of CD4 and CDS does not
expression of CD45RA on regenerating celis.

alter

the

Using anti CD4 and anti CD8 antibodies in vivo Waldmann et al
(reviewed in Waldmann, 1989) have shown that mice can be depleted
of CD4+ and CD8+ cells. In non-thymectomized animals these cells
reappear within 4 - 6 weeks. In thymectomized animals they never
reappear.
This strongly suggests that the reappearance is
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Figure 5.6
Kinetics of expression of CD45RA on CD4+ and CD8+ in
bulk cultures stimulated with PHA and IL2
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due to new cells emerging from the thymus rather than to cells
reappearing which have been sequestered in the periphery. If such
mice are studied early, it might be assumed that the majority of cells
have not been exposed to antigen and are therefore "naive". It then
follows that if CD45RA is a marker of naive cells, an increase in the
percentage of CD45RA+ cells would be expected. As shown in figure
5.7 this is not the case. Spleen cells from non-thymectomized CBA/ca
mice treated with depleting anti CD4 and anti CD8 mAbs four weeks
previously, were stained with anti CD45RA and anti CD4 or anti CD8.
As can be seen in figure 5.7, the level of CD8 but not CD4 is
decreased in treated mice. Despite the differences in recovery of CD4
and CD8 molecules, both subsets express the same number of
CD45RA molecules as seen in untreated mice.
5.2.6 Transfer of T cells in vivo Into Irradiated hosts leads
to expansion of donor cells and maintenance of expression
of CD45RA.
107 A/Thy1.2 spleen cells from 4-6 week old female A/ST mice
were injected i.v. into female congenic irradiated A/Thy1.1 mice.
Either total spleen cells or nylon wool depleted spleen cells were
transferred. Spleen cells from recipient mice were stained 1, 2, 6, 13,
16 and 60 weeks following transfer. At the early time points although
numerous cells are recovered from the spleens, most are null for
Thi .2, Thyl .1, CD4 or CD8. As shown in table 5.2, the predominant T
cell population, and the only one at 60 weeks, is that of the donor cells.
The value given for normal mice is the mean of 6 A/ST mice age 4-8
weeks. Whether enriched T cells or total spleen cells were transferred,
as early as 2 weeks post transfer the normal ratio of CD4 to CD8 cells
has been re-established and normal percentages of these populations
are seen at 6 weeks. This is in keeping with data from Rocha et al
which showed that the ratio of CD4 to CD8 cells is tightly regulated
and maintained after adoptive transfer (Rocha, eta!., 1989). Such
mechanisms may also apply for the ratio of CD45RA+ to CD45RAcells as the percentage of Thyl.2+CD45RA+ cells is maintained
following transfer and expansion of the Thyl .2+ subset. The decline
in CD45RA+ cells seen at 60 weeks is compatible with a fall in the
percentage of CD8+ CD45RA+ cells expected in mice of that age. The
percentage of Thyl.2+CD44+cells is also remarkably constant up to
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Figure 5.7
Expression of CD4, CDS, and CD45RA within these subsets on spieen ceils from untreated or antibody treated mice.
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Table 5.2
Expression of CD45RA and CD44 among Thy1.2+ cells transferred Into Irradiated A/Thy 1.1 mice

(J^
t>0

weeks post transfer:

1
n=1

2
n=2

6
n=2

13
n=2

16
n=2

60
n=1

Normal young
adults (n = 6)

Total Thyl .2+
CD45RA+ in Thy1.2+
CD45RA+ in Thy1.2+CD8+
CD45RA+ in Thy1.2+CD4+
CD44+ in Thy1.2+

3.5
25

3.5 (±1.5)
16 (±3)

8.6 (±7)
25 (±2)

10.6 (±1)
17.2 (±0.2)

16.7(±0.7)
26 ±(0)

22

-

-

-

-

-

-

-

-

-

-

21.5
12.3

-

37.5 (±2.5)

31.5 (±4.5)

29 (±2)

29 (±2)

-

12.2 (±2.8)
27 (±3.9)
56
13
18.7 (±2.7)

-

-

-

-

-

-

-

-

-

-

71
57

23
21

CD44+ in Thy1.2+CD8+
CD44+ in Thy1.2+CD4+

Data shown represent the mean percentages.

-

16 weeks though consistently higher than in the control mice. The
much higher percentage of CD44+ T cells seen at 60 weeks is
consistent with the rise seen in normal ageing mice.
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5.3 Summ ary of findings in chapter 5
1. Thymectomy leads to a greater reduction in CD4+ cells than in
CD8+ cells. The reduction in CD4+ cells is mostly due to a reduction in
CD45RA- cells in contrast to the CD8+ population where the subset
which declines is CD45RA+. These data suggest that naive CD4
single positive thymic emigrants are CD45RA- whereas naive CD8
single positive thymic emigrants are CD45RA+.
2. In ageing mice there is little decline in the percentage of
CD45RA+ positive cells among CD4+ or CD8+ spleen cells after the
first few weeks of life.
3. Most CD8+CD45RA+ cells in young mice do not express
CD44, a putative marker of murine memory cells. However, the
proportion of triple positive cells increases with age. In contrast, most
CD4+CD45RA+cells co-express CD44 in young mice, arguing against
this subset representing only naive cells.
4. In vitro activation leads to only incomplete loss of CD45RA on
CD8+ cells in bulk cultures and expression appears to be reversible.
In contrast, such activation leads to loss of expression of CD45RA on
CD4+ cells.
5. Following depletion with intravenous anti CD4 and anti CD8,
the phenotype of newly regenerated CD4+ and CD8+ cells in vivo is
the same as that found in untreated mice i.e. expression of CD45RA is
not increased despite a probable increase in the number of naive
cells.
6. In vivo transfer of Thy1.2+ spleen cells into Thy1.1+ sublethal ly irradiated congenic mice results in maintained patterns of
expression of CD45RA on both subsets of peripheral T cells. This is
despite a many fold expansion of the transferred cells and suggests
homeostatic mechanisms maintain the proportion of CD45RA+ and
CD45RA- cells in the periphery.
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FUNCTIONAL STUDIES ON CD45RA T CELL SUBSETS
Thus, the data from the previous chapters suggest that the
subsets defined by CD45RA on peripheral CD4+ and CD8+ are not
phenotypically identical nor apparently comparable with respect to
their maturation state. Moreover, the data suggest that in vitro
assessment of CD45RA expression may not reflect what happens in
vivo. In particular they suggest that the phenotype seen in vitro may
correlate more closely with activation state rather than simply with
memory. Furthermore these studies suggested that expression of
CD45RA might be under tight homeostatic control.
In the next three chapters, the functional characteristics of the
CD45RA+ and CD45RA- subsets among CD4+ and CD8+ cells have
been assessed in a series of experiments:
1) The proliferative response of the CD4+ subsets to mitogenic or
anti CD3 triggering was compared. The production of 112 and IL4 by
these two subsets was also measured (chapter 6).
2) The CD45RA phenotype of naive and in vivo primed cytotoxic
CD8+ T cells was defined in an in vitro assay system (chapter 7).
3) The CD45RA phenotype of memory CD4+ T cells was assessed
in vivo (chapter 7).
4) The CD45RA phenotype of cells responding to antigen in vivo
has been assessed using TCR transgenic mice.
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CHAPTER SIX

The CD45RA+ subset Is hyporesponslve
and CD45RA does not define the Th1/Th2 spilt
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6.1 Introduction
Having established that mouse T cell subsets could be further
subdivided by the presence or absence of CD45RA, the next step was to
study the responses of these subsets. The proliferation response to
mitogen or anti CD3 triggering of the CD4+ subsets was measured. We
were also particularly interested to determine whether the cytokines
secreted by these subsets defined the Th1/Th2 phenotypic split for
CD4+ cells (Mossman, et a i, 1986). To address these issues, a
purification protocol was developed to isolate the subsets defined by
CD45RA both among CD4+ and CD8+ T cells.

6.2 Results
Responses of purifed CD4+ CD45RA+ and CD4+ CD45RA- to
mitogens.
6.2.1 Staining profiles of purified populations
CD4+CD45RA+ and CD4+CD45RA- were purified from CBA spleen
cells as described in materials and methods. Assessing the purity of the
cells at the time of separation was difficult since trypsinisation leads to a
temporary loss of surface CD45 as well as CD8 and a marked
dimunition in the brightness of CD4. Initially, the purifications were
stained after overnight recovery at 370C and in later experiments the
purity of the starting populations was gauged from staining of bulk
populations cultured for 3 days. The purification protocol resulted in
populations that were >95% GD4+. The CD45RA+ subset was more
than 50% positive for GD45RA+ cells whilst the GD45RA' subset
contained fewer than 10% GD45RA+ cells. Representative staining
histograms are shown in figure 6.1. The GD45RA+ populations were
always contaminated with a fraction of GD45RA' cells. However, there
are two points to note. Firstly, the percentages given underestimate the
purity as can be seen by the overlay histograms where there is a
marked shift in the GD45RA+ histogram compared with that of the
GD45RA' subset. Also, as will be discussed in the next section, the two
populations behaved differently with respect to proliferation, with the
GD45RA- proliferating approximately three times more than the
GD45RA+ cultures. If there was significant initial contamination of the
GD45RA+ cultures by GD45RA- cells this difference would not be
expected.
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Figure 6.1
CD45RA expression on purified CD4+CD45RAand CD4+CD45RA- subsets
CD45RA-

CD45RA+

Stained with RA3-2C2
— — - inhibited staining

C D 4+C D 45R A + and CD 4+C D 45R A- cells purified as describ ed in m aterials and
m ethods, were cultured with PHA and ARC fo r 3 d a ys and the n stained w ith anti
C D 45R A and anti CD4. A gate w as set at the acquisition level on th e C D 4+ cells
and the data shows expression of C D 45R A am ong C D 4+ cells in th e C D 45R A cultures and the CD45RA+ cultures.
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6.2.2 Proliferation of the purified subsets in response to PHA
or anti CDS
To avoid a difference due simply to the stimulus used, two different
agents were used: either PHA or anti CDS mAb. Initially cultures were
set up in the absence of feeders and in these conditions the CD45RA+
cultures proliferated better than the CD45RA' in response to PHA (table
6.1). However, it became apparent that residual B cells and APO
present in the purified CD4 subsets were mainly recovered in the
CD45RA+ population and hence favoured proliferation in this subset.
Therefore, in subsequent experiments, proliferation was measured in
the presence and absence of autologous irradiated (2000 rad) feeders.
It is worth noting however, that even in the absence of feeders, the
CD45RA- subset always proliferated more than the CD45RA+ cultures in
response to anti CD3 (tables 6.1 and 6.2). The anti CD3 mAb used,
2011, binds to IgFc receptors so that in the presence of feeders, it will
effectively be cross linked (Leo, et a i, 1987). However, in these
experiments the anti GD3 was cross linked using avidin so the feeders
were essentailly delivering secondary signals e.g. by secreting
interleukins or via interactions between accessory molecules.
As shown in figure 6.2, in the presence of feeders, the peak
response of purified CD4+ cells stimulated with PHA was usually 24
hours prior to that in response to cross linked anti CD3. Tables 6.1 and
6.2 show the stimulation index for both CD45RA- and CD45RA+ subsets
for 3 representative experiments on day 2 with and without feeders.
With the addition of feeders, with either stimulus, the GD45RA- subset
consistently proliferates more than the GD45RA+ subset suggesting that
it is more readily activated.

The kinetics of proliferation of the two

subsets differs. However, as shown in figure 6.3b, even when a
comparison is made between maximal responses of each subset after
activation with PHA, there is still a difference in the proliferation index.
This is also true for stimulation with anti GD3 if maximal proliferation of
both subsets is compared (figure 6.3a). However, with time there is an
increase in the proliferation of the GD45RA+ subset indicating a delay in
activating the GD45RA+ subset rather than an absolute limitation.
The question of the suppressor potential of either subset was not
directly addressed, but 2 experiments were done where unseparated

159

Table 6.1
In the absence of feeders CD4+CD45RA" cells proliferate less
well than C D 4 + C D 4 5 R A + when stimulated with PHA but
proliferate better to crosslinked anti CDS.

Stimulus

exp. 13

exp. 2

exp. 3

PHA

0.3

0.5

1.2

anti CDS mAb

2

5

5

3 Proliferation measured after 48hours of culture and 16 hour pulse with
thymidine.
b Ratio of stimulation index of CD45RA' cells over that of CD45RA+ cells
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Table 6.2
C D 4 + C D 4 5 R A + cells proliferate less well than C D4+CD45 RA"
cells although their proliferation can be enhanced by the addition
of costimuiatory signals

Stimulus

exp. ia

exp. 2

exp. 3

PHA + feeders

2.4b

2

1.9

anti-CD3

5

5

5

anti-CD3 + feeders

3.8

3

1.4

3 Proliferation measured after 48 hours in culture and 16 hour pulse with
thymidine
b Ratio of stimulation index of CD45RA' cells over that of CD45RA+ cells
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Figure 6.2
Kinetics of proiiferation of purified CD4+ ceiis
stimuiated with either PHA or cross iinked anti CDS
in the presence of autoiogous irradiated feeders
CO

800

-1

8- 6 0 0 -

400 -

anti CDS

CO

6

200-

PHA
40

60

80

100

hours in culture

162

120

Figure 6.3
Kinetics of proiiferation of CD4+CD45RA
and CD4+CD45RA- ceiis stimuiated with
either anti CDS or PHA, in the presence of feeders.
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(but incubated with antibody) CD4+ cells were also cultured. The levels
of proliferation for the two assays are shown in figure 6.4. As can be
seen the proliferation of the CD45RA' cultures is almost identical to that
of unseparated CD4+ cells. This suggests that the CD45RA+ subset
does not exert a suppressive effect on the CD45RA- subset.
6.2.3 IL2 and IL4 production by purified subsets
As discussed in chapter 1.4, murine CD4+ T cell clones can be
subdivided according to the pattern of interleukins they secrete. Thi
clones produce IL2 and ylFN whilst Th2 clones produce IL4 and IL5
(Mossman et al., 1986). More recent data has suggested that although
freshly isolated murine and human CD4+ cells have the ability to
produce either cytokine pattern, different antigens can push the
response to either predominantly a Thi or a Th2 phenotype (see
chapter 1.4). Such a switch determines a great deal of the subsequent
pathophysiology associated with particular infections.
However,
although this clear functional split in CD4+ T cells has been recognized
for some years, it has not been associated with discrete cell surface
phenotypic differences. We postulated that the presence or absence of
CD45RA might phenotypically define the Th1/Th2 split. To determine
this we measured the production of IL2 and IL4 by the purified subsets.
The data we have obtained suggest that the phenotypic split into CD4+
CD45RA+ and CD4+ CD45RA’ does not correlate with the functional
split into Thi and Th2 cells.
6.2.4 IL2 production
Supernatants were removed from the proliferation cultures prior to
the addition of
thymidine. IL2 is produced by both subsets. Table
6.3 shows IL2 production by the purified subsets in 5 separate
experiments. Both subsets produced IL2. In general, the highest
concentration of IL2 was found in those cultures proliferating the best. In
the presence of feeder cells much less IL2 was detectable (data not
shown). This almost certainly reflects increased utilization rather than
lack of production as we had previously shown that the IL2R is
expressed early on by both subsets (chapter 5.2.4). Utilization could
have been abrogated by the addition of anti IL2R mAb to the cultures.
However, in each assay for IL2 and IL4 production, proliferation was
also being measured and would have been inhibited by the addition of
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Figure 6.4
The unseparated CD4+ subset proliferates as well as the CD45RA- subset
suggesting that the CD45RA+ does not act as a suppresor population.
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Table 6.3
Level of IL2 In supernatants from CD4+C D 4 5 R A + and
CD4+CD45RA- subsets stimulated in the absence of feeder cells

1

Expt

2

4

S

S

RA+

RA“

RA+

RA"

RA+

RA-

RA+

RA"

RA+

RA-

dayl

ia

0.8

2

<b

<

<

_c

-

-

day2

1.6

1.1

S.9

1.8

0.6

<

-

-

0.6

days

2.S

1.7

-

-

0.7

0.4

-

-

1

day4

-

-

6.2

2

0.7

0.4

2

<

1

days

-

-

-

-

0.7

0.4

2

<

-

day6

-

-

<

<

1.S

O.S

S.7
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•

dayl
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-
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-
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O.S
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<

0.6

-

-

0.4
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-

-

1.2

day4

-

-

-

-

O.S

0.7

S.6

-

2

days

-

-

-

-

2

S.6

-

61

-

day6

-

-

-

-

S.7

1.2

4.S

SI

-

PHA

anti CDS

^ U/ml of IL2
b < than limit of detection in each assay
c not done
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anti IL2R. As the question being asked was not which subset produced
more interleukin but whether the subsets had the capacity to produce
either interleukin, we chose not to undertake cultures in the presence of
receptor blockers. Circumstantial evidence for utilization rather than
failure of production comes from the levels of IL2 seen at the later time
points. At this stage the cells are proliferating much less and
presumably consuming less IL2 which consequently accumulated in the
supernatants.
6.2.5 IL4 production
Supernatants taken from the cultures prior to the addition of
thymidine were also assayed for IL4 by determining their ability to
induce class II expression on splenic B cells. Class II induction was
measured after 24-48 hours by determining the mean fluorescence
intensity of staining with an anti class II antibody. In general, higher
levels of IL4 were detectable in those cultures stimulated with anti CD3
than with PHA but this depended on the absolute level of proliferation.
Figure 6.5 shows the titration of supernatants obtained from cells
cultured for 3 days in the presence of PHA and feeders. Results are
expressed as mean fluorescence intensity. In this experiment, only
enough CD45RA+ cells were retrieved to be able to set up a bulk culture
whereas the CD4+ and CD45RA- cells were cultured in 96 well plates as
well. As can be seen from the titration, at this stage of the culture only
the CD4+ and CD45RA- subsets stimulated with PHA and feeders
produced IL4 above background levels. However, it cannot be
assessed how well the CD45RA+ subset was proliferating. It is worth
noting that the unseparated CD4+ subset produces a higher level of IL4
than the CD45RA- subset. This might suggest that the CD45RA+ subset
augments production of IL4 by the CD45RA- subset since in this
experiment it appeared unable to produce IL4 by itself. However, in
other experiments, stimulation with PHA did result in production of IL4
by both CD45RA+ and CD45RA- subsets (e.g. figure 6.6b).
The level of IL4 found in the cultures depended on the degree of
proliferation and the nature of the stimulus. In response to anti CD3,
both the CD4+CD45RA+ and the CD4+CD45RA- subsets produced IL4
(figure 6.6a). However, the CD4+CD45RA- subset produced more IL4
as judged by the failure to show a fall in fluorescence even at a 1 in 54
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Figure 6.5
Titration of supernatants for IL4 activity
Day 3 - stimulated with PHA and feeders
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Supernatants were removed from cultures and incubated, in serial dilutions,
with purified B cells for 48 hours. The B cells were then stained with FITC
labelled anti Class II mAb and the results are expressed as the mean
fluorescence intensity of class II staining. Controls included supernatants from
purified subsets without added PHA, irradiated feeders and PHA without added
purified cells. Each plate of cultured B cells was done in duplicate, one with
added supernatant and one with supernatant and the anti IL4 mAb, 11B11 to
determine the specificity of induction of class II.
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Figure 6.6
IL4 titration from CD4+CD45RA+ & CD45RA- cultures stimulated for 4 days with;
a) antiCDS +/- feeders

b) PHA +/- feeders
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T he supernatants from the cultures w ere incubated, in serial dilution, w ith purified B cells fo r 48 hours follow ing w hich the B cells w ere stained with
FITC conjugated anti class II m Ab to determ ine the level o f induction of IL4. S pecificity of the effect w as determ ined by parallel cultu res in the
presence o f th e anti IL4 antibody, 11B11, w hich com p le te ly abrogated cla ss II induction. T h e results are expressed as th e m ean level o f
fluorescence of th e class II positive cells.

dilution. The induction of class II was due solely to IL4 as judged by
complete inhibition by the addition of the anti IL4 mAb, 11B11 (data not
shown). Interestingly, in this experiment, the addition of feeder cells
augmented the level of IL4 produced by both subsets in response to anti
CD3. However, in response to PHA, the CD45RA+ subset produced
more IL4 than the CD45RA- subset whether or not feeders were present.
This was despite a higher level of proliferation by the CD45RA' subset in
the presence of feeders (CD45RA- 44,000cpm, CD45RA+ 19000cpm).
Although the data for IL4 production are somewhat variable in
timing and quantity from experiment to experiment, it is clear that both
subsets can produce IL4 but that the major producer is the
CD4+CD45RA- subset.
Together these data suggest that the CD4+CD45RA+subset is
hyporesponsive compared to the CD4+CD45RA- subset and that
furthermore, this split does not define the phenotype of Th1 versus Th2
cells. The importance of costimulatory signals in augmenting responses
is highlighted by the effect of adding feeders.
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6,3 Summary of findings in Chapter 6
1.

On activation with mitogen or anti CD3 antibodies, the

CD4+CD45RA+subset proliferates less well than the CD4+CD45RAsubset when assessed early after activation. However, when stimulated
with anti CD3, with time this difference is less marked suggesting a
delay in activation rather than an absolute deficiency.
2. Both the CD4+CD45RA+ and CD4+CD45RA' can produce IL2.
The CD4+CD45RA' produces IL4 more readily than the CD4+CD45RA+
subset, but the latter is certainly able to produce IL4. Hence, the
phenotypic split into CD45RA+ and CD45RA' does not define the
Th1/Th2 lymphokine split.
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CHAPTER SEVEN

CD45RA as a marker of naive cells
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7.1 Introduction
The data in the previous chapter established that CD45RA+ cells
are hyporesponsive to mitogens compared with CD45RA- cells and that
this response can be increased by the addition of costimulatory signals.
The next step was to study antigen specific responses. The response to
mitogens suggests that the diminished ability of CD45RA+ cells to
respond to recall antigens in vitro as demonstrated in the human
(Merkenschlager & Beverley, 1989; Merkenschlager, et ai., 1988) might
reflect a lack of appropriate costimulatory signals rather than an
absolute lack of "memory".

Furthermore, in such studies different

antigens have been used to assess primary and secondary responses.
The following experiments were designed to address these issues.
Purified CD8+CD45RA+ and CD8+CD45RA- cells were assayed in vitro
for CTL responses against the same antigen in primary cultures and in
secondary responses following in vivo priming. Among CD4+ cells, the
recall response of the purified subsets was assessed in vivo using an
adoptive transfer assay. We also postulated that if mice could be
irreversibly depleted of CD45RA+ T cells in vivo this would provide an
excellent in vivo system to clearly determine the contribution of each
subset to primary and secondary responses.

7.2 Results
7.2.1 CD45RA is expressed on naive murine CTL precursors
but absent in memory and effector CTL
In collaboration with Hans Stauss (ICRF, TIU), it was possible to
study the responses of CD8+ CD45RA+ cells and CD8+ CD45RA' cells
to the same antigen at all stages of the immune response i.e. naive,
memory and effector cells. The antigen chosen was the H-2Kb molecule
because allogeneic class I antigens stimulate easily detectable primary
and secondary in vitro CTL responses. Furthermore, it had already
been shown that the antigen transfected into Mela cells could only
induce a secondary response i.e. restimulate cells which had previously
been primed in vivo. However, when the antigen was transfected into
P1HTR cells, a subline of the DBA/2-derived (H2-d) mastocytoma P815,
a primary response could be induced (Hans Stauss, personal
communication). Hence, these two stages could be assayed separately.
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7 .2 .2
Prim ary
CTL
responses
are
g enerated
CD8+CD45RA+ and by CD8+CD45RA- T cells

by

To determine the phenotype of CTL precursors present in naive
mice, primary in vitro anti-K^ CTL responses were generated. For the
reasons mentioned above, the stimulator cells used were P1HTR (H2-d)
transfected with Kh. CD8+CD45RA+ and CD8+CD45RA- T cells were
isolated from naive DBA/2 (H2-d) mice using the purification protocol
described (chapter 2.10). The CD45RA expression of the purified T cell
subpopulations is shown in figure 7.1. The purified CD8+ T cells, and
the two CD45RA subsets were stimulated with P1HTR-Kh together with
irradiated feeders or 50U/ml rlL2. Linder these conditions, purified
CD8+ cells generate strong Kh-specific CTL activity as determined by
the lysis of KP expressing target cells but not KP negative control cells
(figure 7.2a). Both the CD45RA+ and CD45RA- subsets also generate a
significant CTL response and the magnitude of the responses are very
similar (Figs 7.2b & c). It appears that the CTL activities of the CD45RA+
and CD45RA- subsets, when combined, can account for the total activity
of the unseparated CD8+ T cell population. The data argue against the
CD45RA+ exerting a suppressive influence on the reciprocal subset.
The two subsets generate equally strong primary anti-Kh CTL responses
in the presence of feeders or rlL2.
7.2.3 In vivo primed CTL are CD8+CD45RANext, the CD45RA phenotype of memory CTL present in mice after
in vivo immunization was examined. For these experiments, mice were
immunized with HeLa-Kh and the same cells were used to stimulate a
Kb-specific recall response in vitro. The memory CTL response
stimulated by HeLa-Kh is predominantly against the transfected Kb
molecule, with very little background CTL activity (e.g. against HLA
molecules or other HeLa antigens (Samberg, etal., 1989).
Mice were immunized twice in vivo with He La-Kb cells and, prior to
restimulation in vitro, CD8+ T cells were purified and divided further into
CD45RA+ and CD45RA- subsets. The staining profiles of these subsets
indicates that they are highly enriched, although not completely pure,
with respect to their CD45RA phenotype (figure 7.3a). The purified T
cell populations were restimulated in vitro with HeLa-Kb and feeder cells
were added to the cultures. After 5 days cells were stained and tested
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Figure 7.1
Expression of CD45RA on purified subsets of naive CD8+
spleen cells from DBA/2 mice
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CD8+CD45RA+
CD8+CD45RAnegative control
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Figure 7.2
CD8+CD45RA+ and CD8+CD45RA- cells can respond to In
vitro priming against the Kb antigen
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Figure 7.3
Expression of CD45RA on purified subsets of primed
CD8+ spleen cells from CSH/He mice
a) Staining of purlfed subsets prior to restlmulatlon in vitro

b) Staining of purlfed subsets after 5 days restlmulatlon In vitro
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CD8+CD45RA+
CD8+CD45RAnegative control
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for the presence of Kb-specific effector CTL. High numbers of CD8+
cells (>60%) were recovered from all cultures except those containing
CD8+CD45RA+ T cells, where fewer than 20% of the cells were CD8+.
Since the same numbers of cells were used at the initation of the
cultures, this suggests that the CD45RA+ subset proliferates much less
than the un se pa rated CD8+ cells or the GD45RA- subset. Staining of
the two CD45RA subsets after 5 days reveals that, in both subsets, the
proportion of CD45RA- cells increases during the restimulation period
(figure 7.3b).
These staining results suggest that either the
CD8+CD45RA- cells proliferate more when restimulated with HeLa-Kb
while CD8+CD45RA+ cells do not or that some CD45RA+ cells may lose
expression of this marker during the restimulation period.
Analysis of the CTL activity of the different cultures shows that the
purified CD8+ cells generate a Kb-specific response that is very similar
to that of unseparated spleen cells (figure 7.4a & b). The CTL response
generated by the C D 8+C D 45R A' cells is as strong as that of
unseparated CD8+ T cells (figure 7.4b & d). In contrast, the CTL activity
developed by the CD8+CD45RA+ subset is low and appears to be
mostly non-specific as judged by the lysis of target cells expressing
either Kb or irrelevant class I molecules (figure 7.4c). Similar results
were obtained in an experiment where mice had only been immunized
once (table 7.1, experiment 2). Together these data indicate that Kbspecific memory CTL in mice immunized with HeLa-Kb are CD8+ and
CD45RA-.
7.2.4 The specific cytolytic activity of bulk effector CTL is
contained in the CD8+ CD45RA- subpopulation.
Having determined that memory CTL cells are enriched among the
CD8+CD45RA- subset it was expected that this would also be the
phenotype of primed effector CTL. To confirm this, T cells which had
been primed in vivo with 10^ HeLa-Kb transfectants 3-5 weeks
previously, were restimulated in vitro with HeLa-Kb transfectants for 5
days. Following the in vitro restimulation, cells were separated into
CD8+CD45RA+ and CD8+CD45RA' populations. The CD8+ enriched
population (figure 7.5a) contained 92% CD3+ cells, of which 84% were
CD8+ and only 8% were CD4+. Both the CD45RA+ and CD45RA'
subsets contained >80% CD3+ cells (figure 7.5b). A fraction of the
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Figure 7.4
Memory CTL are CD8+CD45RA- following In vivo priming
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Table 7.1
CTL activity of CD45RA T cell populations purified from primed mice prior to in vitro restimuiation

Experiment 1
Experiment 2
00

o

Purified T ceii
populations
CD8+CD45RACD8+CD45RA+

Prior to
restimuiation
%CD8+a % CD8+
CD45RA+
90
32 b
87
45

CD8+CD45RACD8+CD45RA+

88
66

19
89

After 5 days restimuiation in vitro
%CD8+ % CD8+
CD45RA+
65 c
11
4
60

CTL activity in
lytic units
>200
<1.6

66
22

>200
7

6
62

3 Purified T cells were cultured overnight and then used for staining,
b Only dull CD45RA+ cells were observed in this population (see figure 7.3).
c If the cells were restimulated with antigen and IL2 rather than feeders, a higher proportion of CD8+ cells was recovered
e.g. in experiment 1, among the CD8+CD45RA- population 95% were CD8+ of which 22% were also CD45RA+ .

Figure 7.5
Expression of CD8, CDS and CD45RA on C3H/He spleen T
cells purified after restlmulatlon in vitro.
a) Staining of the purified CD8+ population with anti CD8 mAb.
b) Staining of the purified CD8+ (----- ), CD8+CD45RA- (.........) &
CD8+CD45RA+ ( . . . ) populations with anti CD3 mAb.
c)

Double staining to show the level of expression of CD45RA
among CD8+ cells in the purified CD8+CD45RA- (........ ) and
CD8+CD45RA+(. . .) populations.

In panels b) and c) the dashed line (------ ) represents the negative
control.
All T cell populations were purified 4 days after in vitro stimulation of
Kh immune C3H/He spleen cells and, after overnight culture, cells
were stained and their CTL activity measured (see figure 7.6).

Figure 7.5
Expression of CDS, CD3 and CD45RA on T cells purified
after restimuiation in vitro
a)

anti CDS

b)

anti CDS

c)

anti CD45RA among CD8+

CD45RA
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CD8+CD45RA" still expressed detectable, although clearly reduced,
levels of the CD45RA molecule (figure 7.5c). In contrast, >80% of the
CD8+CD45RA+ population expressed high levels of CD45RA (figure
7.5c). The lytic activity of the CD8+ cells (figure 7.6a) is comparable to
that of unseparated bulk cultures (data not shown), which indicates that
effector CTL are CD8+ and that the purification does not abolish their
function. The CTL activity of the CD8+CD45RA- subset is slightly greater
than that of the unseparated CD8+ cells (figure 7.6b), suggesting an
enrichment of effector T cells. In contrast, the CD8+CD45RA+ subset
contains little CTL activity, which is only detectable at high effectontarget
cell ratios (figure 7.6c). This lack of CTL activity is not due to the trypsin
treatment used to separate the CD45RA+ from the beads since similar
treatment of unseparated CTL does not affect their lytic activity (data not
shown). Table 7.2 shows a summary of the CTL activity of purified T
cell subsets from 2 independent experiments. The purity of the T cells in
experiment 2 was similar to that of the populations in experiment 1. In
both experiments the CTL activity is high in the CD8+CD45RA- subset
and low in the CD8+CD45RA+ subset. Together, the data indicate that
the Kh-specific effector CTL are CD8+CD45RA'.
7.2.5 Both C D 4+C D 45R A + and C D 4+C D 45R A - cells can
respond to recall antigen in vivo
When cells fail to respond when cultured and stimulated in vitro
this may reflect either an intrinsic inability to respond or a failure of the
culture system used to provide necessary costimulatory signals. It can
be argued that this latter problem is likely to be overcome if the
response is measured in vivo. Hence an in vivo adoptive transfer
system was used to estimate helper activity of primed CD4+ T cell
populations. The system is described in materials and methods
(chapter 2.14) and an outline of the system is shown in figure 7.7.
Essentially, the level of help provided by primed T cells on re-exposure
to antigen is determined by measuring the level of antibody produced in
vivo.
Three experiments were undertaken using purified
CD4+CD45RA+and CD4+CD45RA- spleen cells from mice primed
against minor histocompatibility antigens (mha). Unseparated CD4+
cells, as well as trypsinized CD4+CD45RA- cells, were also transferred
into control mice. As the cells were transferred immediately after
purification it was impossible to assess the purity of the separated
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Figure 7.6
Specific cytotoxic activity of T ceii popuiations after in vitro
restimuiation - effector CTL are CD8+CD45RATargets
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Table 7.2
CTL activity of CD45RA T ceii popuiations purified from primed mice after in vitro restimuiation

Experiment 1
Experiment 2

00

4^

Purified T ceii
popuiations a
CD8+CD45RACD8+CD45RA+

After 5 days restimuiation in vitro
%CD8+ %CD8+
CTL activity in
CD45RA+ iytic units
38 b
92
66
80
<2.5
50

CD8+CD45RACD8+CD45RA+

90
54

25 b
76

56
7

3 T cell populations were purified on day 4 of in vitro restimuiation, cultured overnight, and used for staining and CTL
assay.
h Only dull CD45RA+ cells were observed in this population (see figure 7.5).

Figure 7.7
Experimental design to determine T ceil help in vivo
T ceii priming

B ceii priming

A/ST

A/ST

prime anti mha - 2 x B10A

prime anti Thy1.1 - 3 x rat thymocytes

minimum 10 days
later

t

CD4+ T cells CD45RA+/CD45RA-

B cells

+ booster antigen
FI A.Thyl.1 X B10A thymocytes

\ . /
A/ST host
irradiated 600 rads 24 hours
previously
9 days later
assess helper activity by measuring anti
Thy 1.1 titre
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populations by flow cytometry since at that time the surface molecules
on the CD45RA+ subset would not have recovered from the effects of
trypsinization.
7.2.6 CD4+C D45RA + cells can provide help for antibody
production in a secondary response to antigen in vivo
A representative titration of anti Thy1 antibody generated by the
transferred primed subsets is shown in figure 7.8. From three
experiments undertaken, when transferred 20-30 days after Th priming,
the CD4+CD45RA+ population helps to generate a mean antibody titre
that is 50% (range 15-79%) of that generated by the same number of
CD4+CD45RA- cells. Thus, although the CD4+CD45RA' subset has
greater activity per cell, the reciprocal CD4+CD45RA+ subset is also
clearly active in providing help for antibody production in response to
recall antigen. However, since ~ 80% of CD4+ are CD45RA- it follows
that this subset must contain most of the total memory activity.
Thus, again a discrepancy is seen between the behaviour of
CD45RA+ and CD45RA' cells amongst CD4+ and CD8+ cells in that
C D 4 + C D 4 5 R A + cells can respond to recall antigen whilst
CD8+CD45RA+ cells appear not to. This may be due to actual
differences between the two lineages but could also be accounted for by
differences in effectiveness of stimulation in vivo and in vitro. Ideally, to
assess the relationship between state of maturity and phenotype, only
those cells able to respond to a particular antigen should be followed so
that the truly naive cell can be studied pre, during and after stimulation
by its appropriate antigen. Studying the cells which are actually
responding to antigen in vivo is difficult in a normal mouse because, for
most antigens, not only is the precursor frequency of such cells very low,
10-4 - IQ-6 (Acha-Orbea & Palmer, 1991) but the TCR involved is not
known. There are however two ways of addressing this problem, firstly
using the Mis system and secondly by using TCR transgenic mice, both
of which have been extensively utilized by others in dissecting out
positive and negative selection in the thymus e.g. (Kappler, etal., 1988;
Kisielow, etal., 1988). In Chapter 8, data are presented using these two
approaches to determine the phenotype of truly naive cells and the
phenotypic changes associated with exposure to antigen.
An
alternative way of addressing the role of CD45RA-^ cells would be to
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Figure 7.8
Titration of helper activity in CD4+CD45RA- and
CD45RA+ populations after in vivo priming.
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deplete them in vivo and determine the effects on primary and
secondary responses to antigens.
7.2.7 CD45RA+ cells cannot be irreversibly depleted in vivo
If the CD45RA+ subset of T cells could be irreversibly depleted in
vivo and if these cells are naive precursors of antigen specific memory
cells, then the following predictions can be tested: a) memory responses
to antigens seen prior to depletion should be maintained; b) the animals
should be unable to respond to new antigens since there are no more
naive cells; c) in thymectomized animals, no new CD45RA+ cells should
reappear in the periphery unless this marker is re-expressed by
CD45RA- cells. In vivo treatment of animals and humans to deplete T
cell subsets has been used quite extensively (e.g. Mathieson, et a!.,
1990 and reviewed in Waldmann, 1989). Such experiments have
established that the isotype of the antibody used is critical in
determining whether cells are depleted or not (reviewed in Waldmann,
1989). For rat antibodies, lgG2b is the most effective isotype for
depletion by complement mediated lysis and/or antibody dependent
cell-mediated cytotoxicity (ADCC) (Cobbold, etal., 1985) and hence
14.8 was used rather than RA3-2C2, an IgM. Clearly, if depletion were
to be successful, then B as well as T cells would be affected and
controls of anti la or anti IgM antibodies would have to be included.
Initially, the plan was to try and deplete of CD45RA+ cells using
14.8. In the early experiments, SOOpg of 14.8 was given i.v. twice two
days apart. The dose chosen was in the higher range of dosages used
in previous studies e.g. (Cobbold, etal., 1984) where I cell subsets had
been depleted. Spleen and lymph node cells were analysed 3 and 7
days after the second injection. In two experiments, there is apparent
depletion of B cells and CD45RA+ I cells (figure 7.9a, b and c).
However, it is clear that this largely represents blocking by bound
antibody since the cells were strongly stained by an anti rat k light chain
mAb, MAR 18 (figure 7.9d). These effects persist for at least 7 days as
judged by staining. Furthermore, when the spleen cells were cultured
with suboptimal doses of PHA, the cells from the 14.8 treated mouse
proliferated 5 x more than those from control mice (figure 7.10a). This
implied the persistence of bound 14.8 and was an unexpected way of
confirming earlier in vitro work showing that 14.8 enhances
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Figure 7.9
Staining of spleen & lymph node ceils 3 days after injection of 14.8 i.v. or an irrelevant antibody
CD4+CD45RA

CD8+CD45RA
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Figure 7.10
Proliferation of spleen and lymph node ceils
to suboptimal concentrations of PHA following in wVo antibody treatment.
b) lymph node cells
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responsiveness of accessory cell depleted T cells in the presence of
suboptimal doses of PHA (Marvel, et ai., 1989)1 Surprisingly this effect
is not seen on lymph node cells (figure 7.10b).
Because of the lack of depletion with i.v. antibody alone, alternative
strategies were assessed. Previous studies had shown that a non
depleting antibody could be made to deplete by the addition of the
mouse anti rat k chain mAb, MAR 18 (Goldschmidt, etal., 1988 ) or that
depletion could be increased by injection of complement together with
the mAb. Hence, a regime of i.v. 14.8 followed 6-8 hours later by a
similar dose of i.p. MARI 8 was tested, as was 14.8 i.v. plus complement
i.v.or 14.8 and complement i.v. followed by MAR 18 i.p. The addition of
complement was thought unlikely to help as it had been shown in vitro
that none of the anti CD45RA antibodies used in this laboratory are
good at inducing complement mediated lysis (data not shown). This is
believed to be due to the antigen they recognize i.e. T200 (Bindon, et
ai., 1985). Initial data with these regimes seemed favourable with a
hierachy of effectiveness of 14.8 + MAR 18 > (14.8 + C) + MAR 18 >
14.8 + C (cell numbers, table 7.3 and staining, figure 7.11). However, it
became very difficult to assess residual antibody coating the cells
because of the second layer used and therefore it was difficult to
exclude staining inhibition. In case the depletion was being masked by
continued exit of cells from the thymus, mice were thymectomized and 4
weeks later were injected with 14.8 i.v. and MAR 18 i.p. on two
occasions, two days apart. Again, no sustained depletion is seen (table
7.4) and at no time, with any regime, is complete depletion of CD45RA+
cells seen even when the mice have been treated three times with
antibody (data not shown). In some experiments, the lymph nodes are
almost devoid of cells and this is reflected in absent proliferation to PHA
and LPS (figure 7.12). However, this is an inconsistent finding, and
among those cells which remain, the proportion of CD45RA+ cells is no
different from that found in control mice.
The inability to deplete CD45RA+ may simply reflect a technical
failure and indeed some surface molecules are known to be bad targets
for cell eradication in vivo. This can be due to a variety of factors, all of
which will affect the ability to engage effector mechanisms: antibody
isotype, antibody concentration, antibody affinity, antigen concentration
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Table 7.3
Number of cells In spleen and lymph node 2 and 4 days
following different depleting regimes of antibody.

S p leen

Day 2
Day 4

B
A
(14.8 + C)I.V. (14.8+ C)
I.V.+ MARI 8
1.4x 108
0.82 X 108
1.3x108
2.1 X 108

Lymph Nodes

Day 2
Day 4

2.4 X 107
2.5 X 107
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1 X 107
1.5 X 107

C
14.8 I.V. +
MAR 18
0.52 X 108
1.5 X 108
0.9 X 107
1.4x107

Figure 7.11
Staining of spieen and iymph node ceiis after different
regimes of depieting antibody treatment - day 2 and day 4
Upper panels - spleen cells
Lower panels - lymph node cells
Left hand and middle panels show staining for CD45RA among CD8+
cells
Right hand panels shows staining with MAR18 alone
treatments given (2 and 4 days previously):
14.8 i.p. + complement i.v
14.8 i.p. + complement i.v + MARI 8 i.p.
14.8 i.p. + MARI 8 i.p.
inhibited control

Figure 7.11
Staining of spleen and lymph node ceils after different regimes of depieting antibody treatment - day 2 and day 4
day 2 - CD8+CD45RA+
Spieen

CO
CO

Lymph
node

day 4 - CD8+CD45RA+

day 4 - MARI 8

Table 7.4
Cell numbers and percentages of cells stained amongst lymph
node and spleen cells from mice either sham thymectomized or
thymectomized and injected with 14.8 and MARIS on two
occasions, two days apart, 21 days previousiy.

Cell numbers
CD3+
mlg+
CD45+
CD45RA+
GD4+CD45RA+
CD8+CD45RA+

Lymph nodes
Tx injected
Sham Tx
6 X 106
19x106
37a

60
99
57
36
74

58
47
100
40
14
79

3 Percentage of positive cells
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Spleen
Tx injected
Sham Tx
6 x 107
11 X 107
19
76
99
63
34
77

19
70
99
62
25
76

Figure 7.12
Proliferation of spieen and iymph node ceiis in response to
stimulation with PHA or LPS from thymectomized injected mice or sham
thymectomized or unmanipuiated mice.
b) stimulation with LPS, lOug/mi
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and epitope patchiness as well as complement concentration
(Michaelson, et ai, 1991 ; Waldmann, 1989).
When depletion, however partial, was seen, it was never
maintained even in thymectomized mice. In such mice, an increase in
the proportion of CD45RA+ cells following depletion can be due to either
re-expression of the antigen or reappearance of sequestered CD45RA+
cells. Some method of in vivo labelling of cells prior to depletion would
be needed to determine which of these events is occurring. One
attractive hypothesis is that the increase in CD45RA represents re
expression of CD45RA either on cells which have down-modulated the
antigen, or on CD45RA- cells responding to some form of homeostatic
mechanism which generates a constant ratio of CD45RA+ to CD45RAcells.
Overall, since no maintained significant depletion was seen, this
method could not be used to test the hypotheses regarding the
phenotype of memory cells outlined at the start of this section.
Thus, these data show that expression of CD45RA correlates with
a naive phenotype among CD8+ cells when assessed in vitro but not for
CD4+ cells assessed in vivo. The inability to deplete CD45RA+ cells in
vivo, whilst possibly compounded by technical difficulties, suggests that
CD45RA' can become CD45RA+. To address these issues more
specifically it is necessary to follow the responses of only those cells
which are actually responding to antigen in vivo. This is done in the
next chapter by studying TCR transgenic mice and by utilizing Mis
differences in normal mice.
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7.3 Summary of findings in Chapter 7
1. The data using the allogeneic H2-Kb molecule both for priming
and for secondary stimulation demonstrate that the expression of CD45
isoforms is regulated at different stages of I cell maturation. Among
CD8+cells, expression of CD45RA correlates with a naive phenotype
i.e.: a) the CD45RA+ and CD45RA- subsets of CD8+ I cells are both
capable of generating a strong primary anti-Kb CTL response; b) the
phenotype of memory CTL induced by in vivo immunization is
GD8+GD45RA-. The GD8+GD45RA+ subset fails to generate a
significant Kb-specific recall response; c) Effector GTL specific for the H2Kb molecule are GD8+GD45RA-.
2. Using an adoptive transfer system, it is shown that the
GD4+CD45RA+subset can provide help for antibody production in a
secondary response against minor histocompatibility antigens.
However, since most GD4+ cells are GD45RA- it follows that most
memory cells will be among this latter subset.
3. GD45RA+ cells cannot be irreversibly depleted by in vivo
treatment with anti GD45RA mAb. Whilst some depletion is seen early
on this is never maintained and suggests that GD45RA- cells smay re
express GD45RA and that there is a driving homeostatic mechanism for
maintaining the ratio of GD45RA+ to GD45RA- cells.
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CHAPTER EIGHT

The phenotype of the T cells responding to antigen
in vivo
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8.1 Introduction
Thus far, the data on the correlation of expression of CD45RA
isoforms with the antigenic history of a cell had thrown up several
paradoxes.
In particular, very few thymocytes are CD45RA+,
thymectomy does not deplete the CD4+CD45RA+ subset, and
CD4+CD45RA+ cells co-express CD44. Moreover, a discrepancy is
apparent between the in vitro and in vivo capabilities of the
CD4+CD45RA+ cells at least. Might the CD8+CD45RA+ also behave
differently in vivo?
In order to study the phenotype of cells at all stages of an antigen
specific response in vivo, we took advantage of I cell receptor
transgenic mice. In these, in contrast to normal mice, most I cells
express the same TCR specific for one antigen which allows a large
population of antigen specific cells to be phenotypically identified in
vivo. Hence, the CD45RA phenotype can be studied at all stages of
maturation i.e. before, during and after exposure to the appropriate
antigen. We have done this in two comparable transgenic systems in
collaboration with Dimitris Kioussis (Mill Hill, UK) and Harald von
Boehmer (Basel, Switzerland). In both systems, the transgenic TCR
cells are CD8+. As an alternative to using transgenic mice to correlate
phenotype with antigenic history in vivo, we also took advantage of the
fact that superantigens react with whole families of TCR Vp chains.
We had access to two types of TCR transgenic (TG) mice. The first,
from Harald von Boehmer in Basel, expresses a transgenic TCR derived
from a cytotoxic T cell clone recognizing the antigen H-Y (H-Y TG's). The
second, from Dimitris Kioussis at the NIMR in Mill Hill, expresses a
transgenic TCR derived from a cytotoxic T cell clone which recognizes a
peptide (aa 366-378) of the nuclear protein (INP) of influenza virus
A/NT/60/68 (INP T-G's). The mice used are described in figure 8.1.
They are essentially comparable since in both the mice express
transgenic TCR's which recognize antigen in the context of class I (in
both cases Db) and hence have a thymic repertoire skewed towards
positive selection of CD8+ cells if the appropriate MHC is present and
the antigen absent (Kisielow, eta!., 1988). Studies on the expression of
CD45RA in the transgenic thymus using H-Y TG mice have already
been described in Chapter 4. In both systems it is possible to study
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Figure 8.1
Transgenic mice used

1)

Transgenics

expressing

H-Y

specific

TCR

(Haraid

von

Boehmer, Basel)

Background:

C57/L or 86

TCR:

transgenic a and p, stains brightly with mAb 13.70

antigen specificity: H-Y
MHC restriction:

Result of expression of TCR transgene in presence of:
antigen + appropriate MHC i.e. in a male

-> -ve selection

no antigen + appropriate MHC i.e. in a female

-»+ve selection

no antigen + irrelevant MHC i.e. in a female

-> no selection

2)Transgenics expressing INP specific TCR (Dimitris Kioussis,
Mill Hiii)

Background:

C57/BL10

TCR:

transgenic a, Va4and p, v p i 1

antigen specificity: influenza nuclear protein (INP), aa 366-378
MHC restriction:

Expression of transgene results in skewing of repertoire towards
CD8+vpi 1+T cells - more than 80% of peripheral T cells are Vp11+.
If put on H2k background, delete Vp11+ T cells (IE + superantigen)
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peripheral T cells which are known to be naive since they have never
been exposed to their nominal antigen and to follow the antigen reactive
T cells during and after priming.
In the case of the H-Y TG's the TCR transgenic cells can be
identified specifically since an anti-clonotypic mAb, T3.70, is available
(Kisielow et a i, 1988). The H-Y TG's used in this study were infected
with parasites and as a result there was variable expansion of
peripheral T cells expressing endogenous Va paired with transgenic vp
chains.
However, the cells expressing endogenous Va can be
distinguished from those expressing paired transgenic Va and vp since
the former are much less bright than the latter when stained with the
mAb T3.70. In normal H-Y TG's, approximately 50% of the peripheral
GD8+ cells are T3.70 bright but this falls dramatically by 4 weeks after
thymectomy showing that the peripheral pool of these cells in a naive
mouse is maintained by continued thymic emigration (Rocha & von
Boehmer, 1991). The INP TG TCR utilizes the Va4 and v p i 1 members
of the a and p chain gene families. Since no clonotypic mAb is
available for this receptor the expression of the transgenic receptor is
determined by staining with an anti Vpi1+ mAb. More than 80% of
peripheral CD8+ cells in the transgenic mice express this Vp though it is
impossible at the moment to determine the percentage paired with
endogenous Va rather than transgenic Va. (Dimitris Kioussis, personal
communication).
The alternative strategy was to utilize the Mis system (described in
chapter 1.1.4). Since superantigens have been shown to bind MHC
molecules outside the peptide binding groove, it might be argued that
Mis does not serve as a paradigm for antigen activation and indeed
there is some evidence that T cell activation pathways differ between
stimulation with superantigen and classical antigens (O'Rourke, et ai,
1990). However, mice can be primed to demonstrate memory against
Mis and in other systems, mice have been rendered tolerant towards
Mis e.g.(Qin, et ai, 1989). The advantages of studying the Mis system in
vivo are the high frequency of Mis reactive T cells and the availability of
anti vp mAb's. Waldmann et a! (Cobbold, et al., 1990) have developed
a system for generating anergy among Mis responsive cells by deleting
CD4+ and CD8+ T cells immediately prior to presenting antigen in vivo.
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In collaboration with this group, priiminary data is presented on the
CD45RA phenotype of the Mls-I^ reactive Vp6 bearing T cells before
and after the induction of tolerance to Mls-I^ .

8.2 Results
8.2.1 Naive T cells are heterogenous In their expression of
CD45RA
In both strains of transgenics used, the data concerns the
phenotype of CD8+ cells since the transgenic TCR's are class I
restricted and hence expressed only on CD8+ cells (Robey, etal., 1991).
Lymph node cells depleted of B cells were analysed from female H-Y
transgenics. Of these, 49% are GD8+ and 32.2% stain brightly with the
13.70 mAb (n=3). In the INP transgenic system, whereas 9.3% (sd 2) of
spleen cells from the parental non-transgenic strain are CD8+ and
26.3% (sd 2.5) CD3+, in the unprimed transgenics 20.9% (sd 2.4, n=8)
of spleen T cells are CD8+ and 27.5% (sd 2.4) are GD3+. As will be
shown later, following priming, over 90% of the peripheral GD3+ cells in
the transgenic mice are GD8+ transgenic I cells.
By gating on the T 3 .7 0 bhght cells, the percentage of GD45RA+
among the naive transgenic I cells in the female H-Y TG's is 73%, 67%
and 53% in three independent experiments and the profile very similar
to that seen in non-transgenic mice. In the INP transgenics, 68.6% (sd
1.3, n=5) of GD8+ cells express GD45RA compared with 71% (sd 6.2,
n=3) in the non-transgenic age matched controls. The similarity in the
profiles between controls and transgenics is illustrated in figure 8.2.
Since by definition the transgenic T cells in both systems are naive,
(female mice have never been exposed to H-Y in the former, and the
mice are unprimed in the latter), all of the transgenic T cells would have
been expected to express GD45RA. In fact, as shown in figure 8.2, if
anything, the level of expression tends to be lower than in nontransgenic controls. As in non-transgenic mice, all the GD8+ or
T 3 . 7 0 h r i g h t cells are GD45RB+ (data not shown).
8.2.2 Priming of TCR transgenic animals leads to massive
expansion of the CD8+ population.
If TGR transgenic animals are exposed to adequate doses of the
antigen recognized by the transgenic receptor, then it can be assumed
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Figure 8.2
Not all naive T cells are CD45RA+
gated on CD8+
Non
transgenic

Transgenic

CD45RA

Comparison of expression of CD45RA among CD8+ cells in unprimed
controls and unprimed transgenic mice expressing a TCR specific for INP.
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that most if not all such cells will be activated. Further, if the animal has
been successfully primed then a proportion of those cells would be
expected to become memory cells. Since the cells responding to
antigen can be identified phenotypically it should be possible to assess
any change in surface markers associated with activation and transition
to memory cells.
The most striking feature of priming in the INP system is the
massive expansion of the CD8+ population, both as a percentage of
spleen cells and in absolute numbers, with a concommitant rise in the
proportion of CD3+ cells (table 8.1). This validates the presumption
made in the naive mice that virtually all the peripheral CD8+ cells
express the transgenic TCR. The slightly lower values for the
percentage of CD3+ cells compared with CD8+ cells reflects the fact that
the mean fluorescent level of CD3 expression falls following priming
and thus becomes more difficult to separate from the negative
population, so the values for CD3 tend to be an underestimate.
Table 8.1 shows the percentage of CD3+ and GD8+ cells as well
as the absolute numbers of GD8+ cells in response to increasing doses
of peptide given for 4 days. As can be seen, with doses of lOnM peptide
and above there is up to a 10 fold rise in the number of GD8+ cells
which account for up to 60% of spleen cells in the mice given the
highest doses. The kinetics of the response to a fixed dose mirrors that
of the dose response, namely a rapid expansion of the GD8+ population
over time (a representative experiment is shown in table 8.2). In
general, the higher the dose, the quicker the response, the lower the
dose, the slower the response. Subsequent experiments have shown
that the proliferation of GD8+ transgenic cells is evident as early as the
second day of priming (Jacqueline Marvel, personal communication).
Furthermore, as early as two days after priming, T cells from these mice
can kill directly in vitro without restimulation, in contrast to cells from
unprimed mice (Liz Simpson, personal communication). Thus, at this
stage the cells represent a proliferating primed population.
8.2.3 Priming ieads to an increase in the expression of totai
C D 45
Following priming with peptide, a rise in the total level of GD45 is
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Table 8.1
Priming with antigen leads to massive proliferation of the CD8+
transgenic spleen cells.

CD3+

CD8 +

%

%

cell number x 10?

28.5

24

1.9

+ 1 nM peptide

18

15.5

0.8

+ 10 nM peptide

39.5

46

5.2

+ 25 nM peptide

49.5

57

8.8

+ 50 nM peptide

55.5

61

19

day 4
unprimed

Mice expressing a transgenic TCR specific for INP were given peptide i.p. daily
for 4 days prior to sacrifice. 2 mice were used for each dose and the mean
values are shown.
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Table 8.2
Kinetics of response of transgenic ceiis to varying doses of peptide
% CD8+
day Non
TG

TG +

% CD8+CD45RA+
TG +

Non

SOnM SOnM TG

TG + TG +

% CD8+CD>44+
Non

SOnM SOnM TG

TG +

TG +

SOnM SOn M

1

9

9

13

58

71

68

40

3

6

52

53

43

54

54

-

-

-

4

4

25.6

49

51

60

65

36

98

99

5

6.5

24

33

41

75

50

55

99

82

19

18

Mice expressing the transgenic TCR specific for INP were given 50nM of peptide
i.p. on days 0 ,1 ,2 , and 3 and sacrificed on the days indicated. Spleen cells were
then analysed for expression of CD8, CD45RA and CD44.
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seen on spleen cells from transgenic mice and the rise is dose
dependent (figure 8.3). It does not simply reflect an increase in cell size
(data not shown). It might be expected that since the mice are
functionally primed this rise would be accounted for by a rise in the level
of isoforms other than CD45RA. However, this is not the case.
8.2.4 Priming leads to a rise in expression of CD45RA and
CD44 on transgenic T ceiis.
Whether kinetics of the response to fixed dose of peptide or a dose
response on a particular day are studied, the earliest finding is a rise in
expression of CD45RA on the transgenic cells. This is illustrated in
figure 8.4. and table 8.2. By day 4 of priming, the lowest dose, 1nM, is
just beginning to prime whereas the mice given the highest doses have
shown evidence of priming since day 2. As shown, with 1nm
(equivalent to an early time point), the level of CD45RA increases. With
the higher doses, the level of CD45RA falls but never below baseline
level. Furthermore, the level of CD44 increases dramatically following
priming. It is worth noting that no change is seen in the level of CD45RB
expression. Thus, at a stage when the transgenic cells are proliferating
the percentage of CD45RA+ cells increases and does not subsequently
fall below baseline levels despite a 10 fold increase in the number of
CD8+ cells.
Thus, despite evidence of effective priming, the expression of
CD45RA on the transgenic T cells is not downregulated and is in fact
higher in comparison to non-transgenics or unprimed transgenics. It
might be argued that the expression was being judged very early on in
the response. However, the cells were already actively responding as
judged by increase in transgenic cell numbers and cell size, and by
evidence of effective priming in CTL assays. Also, in chapter 5 it has
been shown that in bulk cultures activated in vitro the percentage of
CD8+CD45RA+ reaches its nadir at day 3 (figure 5.6). Hence, actively
dividing cells responding in an antigen specific manner in vivo fail to
lose the CD45RA marker as had been expected from in vitro data and
the hypothesis that this is a marker of naive cells which is lost after
mitotic division (Akbar, etal., 1989).
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Figure 8.3
Following priming, the level of total CD45 Increases

Non TG

h m rf

TG -0

TG
1 nM

TG
50 nM

M ice w ere injected with peptide for 4 days and spleen cells stained w ith th e anti C D 45 antibody,
M 1-93. T he dashed vertical line through the m ean fluorescence of th e non transgenic cells
allow s a direct com parison w ith the level of CD45 staining on th e transgenic cells.
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Figure 8.4
Proliferating CD8+ transgenic T ceiis express
increased levels of CD45RA and CD44
CD45RA
CD44

CD45RB

1nM

25nM

SOnM

S p le e n cells fro m tra n s g e n ic m ice prim ed ip fo r 4 days w e re d o u b le s ta in e d w ith anti
C D 8 and the a n tib o d y show n. A gate w as set on the C D 8+ cells to d e te rm in e the level
o f e xp re ssio n o f C D 45 R A , C D 44 or C D 45R B a m o ng the tra n s g e n ic c e lls. T h e dashe d
v e rtica l line rep rese nts th e m a rke r used to se p a ra te p o sitive and n e g a tiv e po pu la tio n s
using th e a p p ro p ria te inhibited negative control.
T h e m ean % po sitive cells am ong the tra n sg e n ic cells (n * 2 a t e a ch d o se ) are:
C D 45 R A + - OnM - 67% ;
1 nM - 83% ; 10nM - 74% ; 25nM - 6 4 .5 % ; SOnM - 78 %
C D 44 +
- OnM - 68 .5 % ; 1 nM - 91.5% ; lO nM - 99 % ; 25nM -1 0 0 % ; SOnM - 99 %
C D 45 R B - OnM - 96% ;
In M - 89% ; lO nM - 98% ; 25nM - 96 .5 % ; SOnM - 99 %
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In summary of the INP transgenic cell data, the absolute number of
CD8+ and CD8+CD45RA+ cells increases and then decreases in
transgenic mice treated with peptide but a) the absolute numbers do not
fall below those of the control and b) the percentage of CD8+CD45RA+
remains remarkably constant despite the acute priming state and the
switch from naive to activated primed cells. CD44 was the only marker
tested which did appear to correlate with the change in activation status.
The main criticism of this data would be that no late e.g.1-2 months, time
point is included. However, experiments undertaken since finishing this
thesis, have shown that a month after priming, the percentage of CD8+
and CD8+CD45RA+ cells in the transgenic mice has essentially
returned to that of unprimed transgenic mice with a concommitant fall in
the percentage of CD44+cells. Importantly, there is no overall loss in
the percentage of CD45RA+ cells. Indeed, even in thymectomized mice,
on re-exposure to antigen, the pattern of response is almost identical to
that seen on first priming i.e. a rise in the percentage of CD8+ and
CD8+CD45RA+ cells (Jacqueline Marvel, personal communication).
These findings strongly suggest interconversion between CD45RA- and
CD45RA+ states.
I was able to look at the late effects of priming in the H-Y transgenic
mice. In thymectomized mice, one month after priming with 2 x 1 0 ^ male
B6 cells i.p, the results are strikingly similar to those seen in the INP
transgenics. The CD8+CD45RA+ subset is slightly larger (81% and
82%) in the 2 primed mice compared to a non-primed nonthymectomized transgenic control (69%) and there is no dimunition in
the brightness of these cells. Unfortunately, the efficacy of the H-Y
priming can not be assessed as the cells do not kill in a CTL assay
without restimulation in vitro and on restimulation proliferate equally well
in vitro whether primed or unprimed (Harald von Boehmer, personal
communication). However, the CD8+ cells in the treated mice are not
larger than unprimed cells and do not have raised levels of CD44,
suggesting they have returned to a resting state (data not shown).
8.2.5 Continuous exposure to antigen in vivo results In loss
of CD45RA expression on the responding cells.
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Rocha has shown (Rocha & von Boehmer, 1991), using the H-Y
transgenics, that when female T cells are transferred into male nu/nu
recipients, there is initial expansion of these cells as they encounter
antigen and this is accompanied by an increased responsiveness in
vitro on re-exposure to antigen. However, 5 days after transfer, the cell
numbers start to decline and those cells that remain are specifically
anergic to H-Y antigen in vitro even in the presence of exogenous IL2.
Thus, two mechanisms of peripheral tolerance operate: deletion and
anergy. This system has the advantage of allowing previously naive
cells to be continuously exposed to antigen in vivo in contrast to priming
where it is not at all clear how long antigen persists. Spleen cells from
two male nu/nu mice were stained 90 days after the mice had been
injected with female TCR transgenic T cells and compared with cells
from an unprimed female transgenic. A significant percentage of
transgenic cells is still present even at this late stage after transfer, (29%
and 17.3% in the transfer mice compared with 33% in the transgenic
female control). Furthermore, the transferred T 3 . 7 Q h r i g h t cells are still
activated as judged by their marked increased size compared to the
control and they are all brightly positive for CD44 (figure 8.5a & d). The
expression of the TCR (figure 8.5b) and CD8 molecules is duller than on
the control as expected from the Rocha data (Rocha & von Boehmer,
1991). Among the activated T3.7QhrightQD8+ transferred subset, the
percentage of CD45RA+ cells is much lower than that in the control 53% and 30% versus 68% respectively (figure 8.5c). Thus, in the
continued presence of antigen, the antigen responsive cells appear
activated (although anergic in vitro) and do indeed decrease their
expression of CD45RA. These data give further support to the idea of
CD45RA being a marker of quiescent cells.
Thus, the data on expression of CD45RA on the transgenic T cells
suggests that, in vivo, naive T cells are not all positive for CD45RA and
initial activation by antigen is not associated with loss of expression of
CD45RA. Indeed, the earliest response is a rise in the level of total
CD45 together with a rise in the level of CD45RA. Whilst continued
exposure to antigen is associated with loss of CD45RA, intermittent
exposure is associated with a fall to baseline levels and an ability to be
re-expressed on repeated exposure to antigen. All this suggests that
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Figure 8.5
Comparison of transgenic iymph node T ceiis from unprimed femaie
mouse with those transferred 90 days previously into two male nu/nu
mice from a female transgenic.
a) Size

b) T3.70

c) CD45RA among T3.70+

d) CD44 among T3.70+

Lym ph node cells w ere taken from a control unprim ed fem ale ab transgenic and from tw o m ale
nu/nu m ice w hich had been injected 90 days previously w ith fem ale transg en ic T cells.
a) size as judged by FSC. T he staining show s the size of th e T 3.70 bright cells.
b) th e staining show s the level o f staining on the T3.70bright subset and is th e ga te used for the
stainings show n in panels c and d.
c) & d) the dashed vertical line represents the m arker used to separate positive and negative
populations using the appropriate negative control.
T ransfe r 1------ --------T ransfe r 2
..........
C ontrol
..........
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CD45RA is not a marker of naive cells but of quiescent cells some of
which may well have been primed with antigen,
8.2.6 Naive Vp6+ T cells are not all CD45RA+ in vivo
3.6% of CBA (H2-k, Mls-t^) spleen cells are Vp6+ of which 51%
are CD4+ (data not shown). 33% of Vp6+ cells express CD45RA and
have a profile typical of staining among total CD3+ cells (figure 8.6).
Using three colour staining, the percentage of CD45RA+ cells among
CD4+Vp6+ cells was 7% and among CD8+ Vp6+ 72% i.e. similar
percentages to those found among total CD4+ and total CD8+ cells. The
profiles of the CD45RA staining are also identical to those seen among
total CD4+ and CD8+ subsets (data not shown). It now seems likely that
Mls-13 binds outside the antigen groove, so it could be argued that
whilst the Vp6+ T cells in these mice may be naive with respect to
superantigen, they may have been exposed to other antigens in vivo
and hence may comprise a mixture of naive and memory cells as seen
in the total CD3+ population.
8.2.7 Primed or tolerised Vp6+ cells do not lose expression
of CD45RA
In a collaboration with Herman Waldmann, we had the opportunity
to look at the CD45RA phenotype of Vp6+ cells in animals which had
been primed with Mls-1^. The experimental system is described in
figure 8.7. The animals are reconstituted with Mls-I^ cells from H2
compatible AKR/J mice, at a time when they are depleted of CD4+ and
CD8 + T cells.
Subsequently, Vp6+ cells re-emerge in nonthymectomized mice yet these cells are non-responsive in vitro when
reexposed to antigen (Mls-1^ ) or to anti Vp6 mAb i.e. they have been
tolerised. They do respond to antigen plus IL2 or to anti CD3 mAb
(Shixin Qin, personal communication). As already referred to in chapter
5.2.5 these mice also provided the opportunity to study the CD45RA
phenotype of CD4 and CD8 cells emerging after in vivo deletion in nonthymectomized animals.
In one such experiment, the CD45RA phenotype of normal (N),
tolerised (BM + mAb) and control mice (treated with either bone marrow
alone (BM) or deleting antibody alone (mAb)) was compared. The data
for the N and mAb treated mice have been referred to in chapter 5.2.5.
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Figure 8.6
Expression of CD45RA among the MIs-la responsive Vp6+
celisfrom CBA mice

gated on Vp6+

CD45RA
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Figure 8.7
Outline of Mis system used to Identify CD45RA phenotype of cells primed
or tolerised to superantigen.
donor bone
marrow
AKR/J

recipient
CBA

Mls-1 ®
H2-k

Mls-1
H2-k

■<4 weeks

Y
test tolerance
(skin graft and MLR)
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deleting anti CD4
and anti CDS mAb
for 5 days

The staining was done four weeks after transfer and at this time the total
CD4 population had recovered to normal proportions and fluorescent
intensity on flow cytometry. However, the CD8 subset in the mAb
treated mice, although normal in size, was much duller than in mice not
exposed to mAb. Therefore it was not possible to accurately assess the
percentage of CD8+VP6+CD45RA+ cells in these mice, although the
total percentage of CD8+CD45RA+ cells was as seen in normal young
mice and no different between different treatment regimes i.e. 72%,
77%, 71%, and 78% for the N, BM+mAb, BM, and mAb treated
respectively. It was possible however to study the expression of
CD45RA among the CD4+VP6+ cells and the striking feature is the lack
of difference between the animals regardless of manipulation (table
8.3). Thus, Vp6+ cells which have been exposed to antigen and
rendered either tolerant (the BM + mAb treated) or responsive (the other
groups) to such cells, show no difference in their CD45RA phenotype
compared to unmanipulated spleen cells. In particular, there is no fall in
the percentage of CD45RA+ cells seen among the CD4+Vp6+ cells.
Hence, these preliminary data suggest that CD45RA is neither a marker
of naive CD4+ cells nor of anergic cells.
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Table 8.3
Staining

profiles

of spleen

cells from

CBA mice primed

or

tolerised against Mls-ia.
a) Single staining data
Na

BM + mAb

BM

mAb

CD4+

1 9 .5 (539)b

37

(541)

3 8 (543)

37

CD8+

1 1 .5 (482)

1 7 .5 (250)

1 7 (486)

1 1 .5 (236)

CD3+

30

52

55

45

Vp6+

4

1 2 .4

6 .5

12

Mlg+

62

43

41

48

IVIARG2a+

1

12

0 .5

9

CD45RA+

61

57

55

51

(521)

b) Triple staining to show expression of CD45RA among CD4+
Vp6+ cells

CD45RA+

Na

BM + mAb

BM

mAb

8 (653)

1 0 (656)

8 (655)

7 (658)

3 Treatment groups as described in text;
Cells recovered per spleen x10^: N - 4.2; BM + mAb -4.5; BM - 6; mAb - 4.
b % positive and mean fluorescent intensity in ( ).
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8.3 Summ ary of findings in Chapter 8
1. Naive monoclonal CD8+ T cells in TCR transgenic mice are not
all CD45RA+ as would be expected if it is truly a marker of naive cells.
2. Short term in vivo priming of transgenic T cells with their
nominal antigen leads to an initial increase in expression of CD45RA
among the cells which are actively responding to antigen followed by a
return to baseline levels of expression with no overall loss of CD45RA+
cells in terms of absolute numbers or percentage.

This is despite

evidence of effective priming as judged by expansion of the CD8 subset,
increase in cell size and CTL activity. Furthermore, when H-Y
transgenics are studied one month after priming, no loss of expression
of CD45RA is seen amongst the transgenic I cells when compared with
non-primed transgenics. Virtually all transgenic cells are positive for
CD45RB and no change is seen with activation.
3. Continuous long term exposure to antigen in vivo allows
survival of TCR transgenic cells transferred from a naive host. These
cells appear to be activated in that they are large and all CD44+. Under
these conditions a decrease in the expression of CD45RA is seen,
suggesting its loss is associated with continued activation.
4. vp6+ cells which have not been exposed to Mls-1^ express a
normal pattern of CD45RA on their cell surface which does not change
when CD4 and CD8 cells are replenished following in vivo depletion.
Furthermore, priming or tolerising against Mls-t^ in vivo does not alter
the level of CD45RA expression on the responding CD4+ Vp6+ cells.
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CHAPTER NINE

Discussion
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9.1 Introduction
The studies presented in this thesis have demonstrated that anti
CD45RA mAb define non-equivalent subsets of CD4+ and CD8+ I cells
in the mouse. Overall they suggest that CD45RA is not a marker of
naive cells but of hypo-responsive cells and that cells can re-express
CD45RA after a period of down regulation. The following discussion
addresses the data presented in light of the original predictions we set
out to test with reference to the literature.

9.2 CD45RA Is expressed on T cell subsets In the
mouse (Chapter 3)
The three anti CD45R antibodies tested define two subpopulations
of T cells. RA3-2C2 and 14.8 appear to define the same subset on
CD4+ and CD8+ cells whereas RA3-3A1 stains a similar subset of CD4+
cells but a smaller proportion of CD8+ cells. For RA3-2C2 and 14.8 all
the data suggests they are recognizing a similar determinant. This has
been confirmed by Johnson et al who have shown that the binding of
these two previously denoted B220 mAb's is dependent on the
expression of the first alternatively spliced exon (exon A) (Johnson, et
al., 1989). This was established by using fibroblast cell lines expressing
specific variants of murine CD45 (T200) generated by infection with
retroviral constructs of four cDNAs encoding different isoforms of CD45.
These lines were then used to determine which sequences encoded by
alternatively spliced exons of CD45 were required to generate antigenic
determinants recognized by anti-CD45 mAbs. The 4 cell lines
expressed exons A+B+C, B+C, C only or none of the three optional
exons, respectively. Thus by failing to bind to any but the line
expressing exon A it could be deduced that these two antibodies
required expression of this exon. However, it cannot be excluded that
they may also require the presence of other exons and when binding is
seen on non-transfected cells, it simply confirms the presence of exon A
but does not exclude the presence of either or both of the other optional
exons. Hence one interpretation of the double staining with anti
CD45RA and anti CD45RB is that the cells express one isoform
containing both exons A and B. Alternatively the cells may be
expressing two isoforms simultaneously. A recent study (Luqman, et a!.,
1991) of Thi and Th2 clones has shed further light on these possibities
by comparing exon usage detected by PCR with surface staining using
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the anti CD45RA mAb, 14.8 and anti CD45RB mAb, 16A (Bottomly, et
al., 1989). These studies show that whereas Th2 clones produce mRNA
for isoforms containing none, one, two or three of the optional exons,
Thi clones only contain CD45 mRNA for isoforms containing either
none or one optional exon (usually exon B). Furthermore, only Th2
clones, but not T h i, stained with either anti CD45RA or anti CD45RB
antibodies. These data suggest that exons A and B are not sufficient on
their own to generate the epitopes recognized by 14.8 and 16A
respectively. An alternative explanation is that although message for
the single exon forms was amplified from the Thi clones, these isoforms
were either not expressed or differentially glycosylated thus masking the
expected epitopes. Data in favour of the mAb's used being able to
recognize isoforms containing single alternative exons has come from a
study, again using PCR, which shows that most mouse CD4+ lymph
node cells produce isoforms containing either none or one optional
exon (Chang, eta!., 1991).
Our studies on expression of CD45RB, using the mAb 23G2
(Birkeland, eta!., 1988) suggest that most lymphocytes express
CD45RB isoforms albeit in differing amounts and hence CD45RA+ cells
account for a population within this subset. The variable proportion of
cells expressing CD45RA and CD45RB suggests that, particularly
among CD4+ cells, individual cells can express multiple isoforms. Most
CD8+ and slg+ cells express both CD45RA and CD45RB, whereas most
CD4+ are CD45RB+ but CD45RA-. Clearly then the population stained
with anti CD45RB mAb is heterogenous. Recently, a CD45RC mAb has
been identified (Hathcock, eta!., 1992). Staining with this antibody, 1/24,
in a comparison with staining with 14.8, 23G2 and ISA on CD4 and
CD8 cells firstly confirms our staining patterns seen with 14.8 and 23G2.
It also shows that 1/24 stains all B cells brightly, the majority of CD8+
dully, and a few CD4+ cells very brightly (Hathcock et a i, 1992).
Furthermore, all CD45RC+ cells are CD45RB+, again showing the
heterogeneity the isoforms within the CD45RB+ subset (Hathcock et a!.,
1992). It is worth noting that the anti CD45R antibody used in the rat,
MRC-OX22, (Spickett, et ai, 1983), was originally thought to recognize a
determinant encoded by exon B but has recently been reassigned as an
anti CD45RC antibody (McCall, et a i, 1992). Furthermore, alternative
exon usage and expression has become an even more complex issue
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with the finding that exons 7 and 8 can also be spliced out, albeit never
without splicing out of the other exons (Chang efaA, 1991 ; Chang, et al.,
1989). In humans, three subsets of CD4+ cells have been defined by
immunofluorescence studies: CD45RAhright CD45RBhright; CD45RAduii
CD4 5 RBbright; and CD45RAduiiCD45RBduH. This further highlights the
diversity of isoforms expressing the CD45RB determinant. It has been
suggested that memory cells are contained within the latter two
populations but as yet there is no functional data to support this
hypothesis (Mason & Powrie, 1990).
The third antibody used in the current study, RA3-3A1, has not
been tested on the transfected lines but the similarity of binding in terms
of immunoprécipitation pattern as well as staining and inhibition,
strongly suggests that this too is a CD45RA antibody. The different
staining pattern seen on CD8+ cells may reflect different affinity for a
similar epitope or that it recognizes a determinant which is best
recognized when conformation is lost. This latter is suggested by the
fact that RA3-3A1 not only gives the clearest results on
immunoprécipitation of the three antibodies but is also the best antibody
when used on fixed tissue sections (Pascal Sempé, Paris, personal
communication). Further evidence that RA3-3A1 recognizes a similar
epitope comes from work in this laboratory in which antiidiotypic
antibodies were raised as an approach to define the ligand for CD45RA.
Antiidiotypic antibodies were purified from rabbits injected with RA32C2. The binding of these antibodies to RA3-2C2 could be inhibited by
RA3-3A1 and to a lesser extent by 14.8 but not by an antibody to the
common determinant, nor by an isotype and allotype matched antibody.
Results of binding and inhibition experiments showed that RA3-3A1
shares most of the idiotypic determinants recognized by the anti
idiotypic antibodies produced against RA3-2C2. Furthermore, binding
of purified antiidiotypes to RA3-2C2 prevented binding of the latter to
cells. These data suggest that the antiidiotypes recognize determinants
in the region of the binding site (Jacqueline Marvel, personal
communication). Taken together these data argue that RA3-3A1
recognizes the same determinant as the other two anti CD45RA
antibodies. The similarities and differences in staining patterns seen
between RA3-3A1 and 14.8 and RA3-2C2 are reflected in functional
assays where all three antibodies increase proliferation of accessory
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cell depleted spleen cells stimulated with suboptimal doses of PHA.
When T cell subsets are studied all three antibodies increase
proliferation of CD4+ cells but on CD8+ cells RA3-3A1 is less potent
than the other two antibodies (Marvel, etal., 1989).
The data reported here show that CD45RA antibodies in the
mouse unequivocally stain T cells and split both the CD4+ and CD8+
subsets into CD45RA+ and CD45RA- subsets. That these subsets had
not been recognized previously is probably due to two factors, both
essentially technical. The largest subset of CD45RA+ cells is the dull
staining population of CD8+ cells. However, in many mice the CD8+
subset accounts for fewer than 10% of total spleen cells. Therefore, if a
simple double stain is done without gating and even if 10^ cells are
analysed, only 7%, or 700 cells in absolute numbers, would be seen to
be double positive for CD8 and CD45RA. Furthermore, most of these
cells are dull and in previous studies, using light microscopy or first
generation FACS, they may not have scored as positive. Hence, the
earlier belief that T cells did not express CD45RA. These problems
have been overcome both by using a FACS equipped with a laser and
by gating on the T cell subsets concerned to allow a much greater
number of the cells in question to be studied. Moreover, the study by
Johnson et al has separated antibodies hitherto lumped together as
CD45R (Johnson etal., 1989). In particular, they have shown that RA36B2, which does not stain T cells, is not a CD45RA antibody.
Thus having shown that RA3-2C2 and 14.8 can be used to define
similar determinants to those recognized by 2H4 in the human, we were
then able to test several predictions about the functional significance of
CD45RA isoform expression on T cells. Starting from the premise that a
marker of naive cells must be irreversibly lost on exposure to antigen
and that CD45RA was thought to define the naive subset of T cells we
postulated:
1) CD45RA+ cells might be the majority population in the thymus,
the source of naive T cells;
2) thymectomy should lead to a loss of the CD45RA+ population
and ageing would also lead to a diminution of this population due to
incremental exposure to environmental antigens; furthermore, CD45RA
would not be co-expressed with the marker of memory cells, CD44;
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3) proliferation to primary antigens would be amongst the
CD45RA+ subset, whilst that to secondary stimulation would be amongst
the CD45RA' subset and in vivo depletion of CD45RA+ cells would
result in a failure to prime to new antigens;
4) the naive subset might produce a different repertoire of
cytokines from that of the primed subset;

9.3 CD45RA expression in the thymus. (Chapter 4)
Using three colour flow cytometry, the presence of CD45RA+ cells
has been detected not only among single positive thymocytes but also
among the double negatives, immature CD8 single positive and double
positive subsets in mice. Furthermore, it is shown that CD45RA is
expressed at the earliest time points in ontogeny, is present on both yô
and ap TcR+ cells and that the CD45RA+ population is increased in
regenerating thymuses. All these data are compatible with the
existence of a continuous lineage of T cells expressing CD45RA which
would develop from double negatives to mature single positive T cells.
However, the data on transgenic mice strongly suggest that this is not
the only lineage to survive thymic selection and contribute to the
peripheral pool of mature T cells.
Several hypotheses can be constructed about the significance of
expression of CD45RA in the thymus. It might represent a continuous or
discontinuous lineage of cells and it might represent one of many or the
only lineage capable of surviving thymic selection. These possibilities
are illustrated in figure 9.1. The following discussion concerns the
evidence for these possibilities from our data and the literature.
9.3.1 CD45RA as a marker of thymic progenitor cells
There is evidence from studies in mouse, human and rat that
CD45R+ thymocytes, although constituting a minor thymocyte
population, represent a subset with considerable precursor potential. In
the mouse, using the same anti CD45RA monoclonal antibody, RA32C2, to purify double negative CD45RA+ and CD45RA' populations
Goff et al demonstrated that the CD45RA+ fraction is greatly enriched
for T cell precursors capable of recolonizing foetal thymuses in organ
culture (Goff, et a!., 1990) . However, no allotypic marker was used in
these studies and it is possible that endogenous cells grew out in the
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Possible thymic pathways for CD45RA+ ceils
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presence of the CD45RA+ donor cells which may have supplied an
accessory cell function not present in the CD45RA- fractions.
In the rat, the anti CD45RC monoclonal antibody, MRC-OX22, was
used to enrich or deplete progenitor populations assayed by an
intrathymic adoptive transfer assay. Only the double negative CD45RC+
cells gave rise to single positive progeny as detected with an allotypic
marker. Furthermore, the same study (Law, etal., 1989) showed that the
double negative and single positive subsets of adult rat thymocytes are
enriched for CD45RC+ cells. CD45RC+ cells are also seen at day 16 of
rat foetal life.
Studies from Pilarski's group on human thymocytes have tended to
conclude that CD45RA+ not only defines a continuous lineage of cells
but the thymic generative lineage (Pilarski & Deans, 1989). Such a
conclusion has arisen from several studies. They first demonstrated that
of the small percentage of CD45RA+CD45RO' thymocytes found in the
human thymus, 50% of these cells were single positive and accounted
for all single positive thymocytes with clonogenic potential as judged by
g ro w th in vitro in the presence of irradiated feeder cells and
Concanavalin A (Pilarski, et ai., 1989). This same study showed that
CD45RA+CD45RO' cells were represented among all the thymocyte
subsets defined by CD4 and CD8 expression. Other data to support
their hypothesis (Pilarski & Deans, 1989) comes from studies showing
that the CD45RA+ subset is the main cell cycling population (Egerton,
et ai., 1990a), that in situ localization of CD45RA+ cells is in keeping
with a mature phenotype (Gillitzer & Pilarski, 1990) and that double
negative CD45+ cells synthesize IL2 when activated with suboptimal
doses of PHA/PMA and costimulated with anti CD45RA mAbs but not
anti CD45 mAb (Deans, et ai., 1989).

Furthermore, they argue that

numerically CD45RA+ cells could account for all the thymic emigrants
generated each day. More recently, the same group have shown that in
vitro culture of multinegative thymocytes with IL2 or anti CD2/CD28
mAb's leads to differentiation into CD3+TCRap T cells which is
associated with increased expression of CD45RA which is maintained
for 8-12 days. This is in marked contrast to their data showing loss of
expression of CD45RA on peripheral T cells after a few days in culture.
The differences appear to be accounted for by prolonged expression of
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mRNA encoding all three alternative exons in the thymocytes compared
with rapid loss of these exons in peripheral T cells (Deans, et al., 1992;
Deans, et al., 1991). Pilarski has postulated that together these data
suggest that a lineage relationship might exist between the double
negative CD45RA+ thymocytes which are the progenitors and the single
positive CD45RA+ cells which are functionally competent thymocytes
destined to exit to the periphery. Interestingly, a recent careful study of
CD45RA expression on human thymocytes, (Fujii, etal., 1992b), has
demonstrated staining patterns remarkably similar to those we have
found in the mouse with CD45RA+CD45RO' cells accounting for 9% of
total thymocytes and in particular that CD45RA expression is enriched
for among larger thymocytes including the double positive blast
population. However, these authors suggest that CD45RA, whilst it may
identify a population of thymocytes with progenitor potential, is unlikely
to define a continuous phenotypic lineage of thymocytes. Their
arguments and those of others are discussed in the following section.
9.3.2 Does CD45RA define a phenotyplcally continuous
thymic lineage?
Our data show the presence of a small population of CD45RA+
cells at all points of thymic maturation and differentiation. Moreover, this
population is enriched for by manipulations, i.e. irradiation or cortisone
treatment, which synchronize thymocyte maturation. A similar pattern of
expression in all CD4 and CD8 subsets has been demonstrated in the
human thymus (Fujii et al., 1992b; Pilarski etal., 1989). A study on rat
thymocytes showed CD45RC+ cells to be enriched for among double
negative cells and single positives but to account for very few double
positive thymocytes (Law etal., 1989). However, the presence of a
minor population of CD45RC cells in the double positive population
would probably not have been detected by the methods used.
So, are the higher molecular weight isoforms of CD45 expressed
on a particular thymic lineage throughout its maturation? At the time we
undertook our studies, it was generally believed that loss of CD45RA
expression was an irreversible event. Therefore, we argued (Lightstone
& Marvel, 1990) that since CD45RA expression could be seen at all
stages of ontogeny and differentiation there was no need to invoke a
phenotypic switch from CD45RA+ among the double negatives through
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CD45RA' among double negatives back to CD45RA+ among single
positive cells as had been postulated to occur in the rat thymus with
CD45RC isoforms (Law etal., 1989). However, in the light of recent
data showing that in the periphery CD45RC' cells can re-express the
CD45RC determinant both in an in vivo adoptive transfer assay and in
vitro (Bell & Sparshott, 1990; Yang & Bell, 1992) it has to be questioned
whether this is a general phenomenon among the heavy molecular
weight isoforms and if so, does it occur in the thymus as well and if so at
what developmental stage?
Previous work has shown that the double negative subset can be
further subdivided into several subsets on the basis of expression of
markers such as MSA (Crispe, et ai., 1987; Scollay, et ai., 1988;
Wilson, et ai., 1988), CD44 (Hyman, et ai., 1986; Wilson et ai., 1988),
IL2R (Raulet, 1985),Thy 1 (Kadish & Basch, 1977), CD3 (Budd, et ai.,
1987c; Crispe et ai., 1987; Scollay et ai., 1988) and Ly 1(Fowlkes, et ai.,
1985). Recent work has used such markers as well as new ones to
identify the pathways of maturation from bone marrow and foetal liver to
the thymus and through the double negative subset. CD45+ cells are
certainly present in early foetal life in liver and thymus (Campana, et ai.,
1989) and the foetal liver cells which can recolonize mouse thymic
organ cultures are CD45+HSA- (Bell & Zamoyska, 1991). In the human,
bone marrow cells which give rise to thymic precursors have been
shown to be CD45+ but not to stain with CD45RA or CD45RO mAb (Fujii
et ai., 1992b). The phenotype of the earliest committed thymic T cell
precursors so far identified is CD4 iow^ Thy-1+, HSA+, CD44+, Sca-1 +
(Wu, et ai., 1991b). Such cells are CD45+ but do not express the CD45
isoform recognized by the B cell specific antiCD45R mAb 6B2 (Wu, et
ai., 1991a).
Recent work has suggested that the most immature double
negative thymocytes in the human are CD45+ and comprise populations
of CD45RA-CD45RO- and CD45RA+CD45RO* cells (Chang et ai., 1991 ;
Fujii et ai., 1992b). The authors stress the need to multiply deplete the
double negative subset not only of cells expressing CD4 and CD8 but
also those expressing CD3 and GDI 9 as these almost certainly are not
representative of immature T cells. Such an approach was also used by
Deans et ai (Deans et ai., 1991) and in both studies multinegative
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thymocytes do not stain with anti CD45RO mAb nor, in the latter study,
with anti CD45RB mAb.
This is somewhat surprising since
immunoprécipitation of the double negative subset using anti CD45
mAb usually shows a predominance of only the lowest molecular weight
isoforms (e.g. (Chang etal., 1991; Lefrancois & Goodman, 1987)). The
discrepancy may be accounted for by the failure to multiply deplete the
double negative subset or that the isoforms on these immature cells are
differentially glycosylated. In the mouse, we and others (Goff etal.,
1990) have clearly demonstrated a population of CD45RA+ double
negatives. However, a recent study using 14.8 failed to detect any
CD45RA+ cells in this subset (Hathcock et al., 1992) although both
CD45RB+ and CD45RC+ cells were seen. The reason for this
discrepancy may reflect the strain specific differences recently
demonstrated by Huby and Goff (Huby & Goff, 1992). Overall, the data
on expression of isoforms among the least mature thymocytes together
with studies of progenitor potential suggest that CD45RA is acquired at
the double negative stage when the committed thymocytes have
reached the thymus.
The smallest population of CD45RA+ cells is that seen among the
double positives. We argued that it might be large enough to account
for cells surviving selection. However, there is conflicting functional data
as to whether this is a tenable proposition. Firstly, the percentage of
double positive CD45RA+ thymocytes is lower than the total percentage
of double positive cells estimated to be selected and mature (Egerton, et
al., 1990b). Secondly, there is conflicting data as to whether it is the
double positive blasts which are the immediate precursors of single
positive cells (Guidos, etal., 1989), or whether the blasts give rise to the
small double positive cells which then mature to single positives as
suggested by kinetic studies (Egerton et al., 1990b) and in vitro studies
on the cells undergoing positive selection (Swat, etal., 1992). It proved
too technically difficult to purify the blast population of double positive
CD45RA+ cells to determine whether they truly have clonogenic
potential. We were hampered by the small size of the population and
the risk of contamination by single positive cells. Furthermore, this
raises the vexed question of the precursor potential of double positive
cells in general, most of which undoubtedly die in vivo, and which until
recently have failed to survive culture In vitro. In spite of the formidable
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difficulties of contamination in such experiments, a small percentage of
double positive cells seem truly to have clonogenic potential in vitro
(Howe & MacDonald, 1989). Recent studies utilizing different methods
of maintaining thymocytes in vitro have confirmed that double negative
cells mature through the proposed pathways and that double positive
cells can directly mature to single positives (Fisher, e ta l., 1992;
Jenkinson, etal., 1992; Sen-Majumdar, etal., 1992; Wu et al., 1991a).
These approaches should now allow the contribution of double positive
blasts and of CD45RA+ cells to be addressed directly. It seems likely
that even if CD45RA+ cells account for all the progenitor cells within the
double negative population, then at some stage during the double
positive phase (depending whether blast cells are a feature of immature
or mature double positives) expression is downregulated and
subsequently upregulated on single positive cells. We would propose
that if such a switch does occur then it is the most mature double
positives which express CD45RA. This is in light of the data showing
marked enrichment of CD45RA+ double positives following irradiation or
cortisone treatment.
Both in human and mouse, among single positive cells the most
striking feature regarding expression of CD45RA is the discrepancy
between the size of the CD45RA population among CD4+ cells and
among CD8+ cells (our data and (Fujii et al., 1992b; Hathcock et al.,
1992)). Furthermore, the CD45RA enrichment following irradiation or
cortisone treatment is only seen among the CD8+ cells. This strongly
suggests that the phenotype of mature single positive CD4 cells is
C D 45R A' unless CD45RA is re-expressed just prior to exit to the
periphery. This latter possibility, although contradicting the prevailing
dogma of one way phenotype switching, was suggested in early studies
in the human to account for the discrepancy between the low
percentage of CD4+ single positive thymocytes and the high percentage
of CD45RA+ cells found among their immediate progeny, namely CD4+
cells in cord blood, (Serra, etal., 1988). Such a hypothesis has been
reiterated in a more recent study (Fujii etal., 1992b). However, their
data cannot exclude preferential emigration of single positive CD45RA+
thymocytes.
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9.3.3 Does expression of CD45RA In the thymus define those
cells which survive selection?
Overall it would appear that expression of CD45RA is lost at the
double positive stage and that CD45RA is unlikely to define a
continuous phenotypic lineage. It is attractive to speculate that such a
switch might be associated with selective processes. It would not be
surprising to find that CD45 isoforms are directly involved in selection
events in the thymus as the cytoplasmic domain functions as a
phosphotyrosine phosphatase (Tonks, etal., 1988) and can regulate
p5 0 ick (Mustelin, et a!., 1989), the tyrosine kinase associated with CD4
and CD 8 (Veillette, eta l., 1989). Furthermore, recent data has
demonstrated a direct role for the tyrosine kinases p5 0 ick and p59fy" in
positive selection events (Carrera, etal., 1992) and that CD45 can
modulate TCR/CD3-induced thymocyte proliferation via regulation of
tyrosine phosphorylation (Turka, etal., 1992).
The data presented here suggest that most of the cells undergoing
negative selection must be CD45RA-. However, it cannot be
differentiated whether a proportion of CD45RA+ undergo negative
selection or whether only CD45RA- are subject to such selective
processes. In the light of the data showing peripheral CD45RA- cells to
be hyper-responsive (Chapter 0 ) it is attractive to speculate that similar
patterns of responsiveness are seen in the thymus. Then it would be
expected that negative selection would occur among CD45RA- cells.
This would fit with negative selection occurring when cells are too
readily stimulated and would prevent hyper-reactive auto reactive cells
exiting to the periphery and causing autoimmunity. Thus, thymocytes
would go through a hyper-responsive stage, associated with loss of
CD45RA expression and deletion of auto reactive T cells. Following
negative selection the surviving cells would return to a quiescent state
and re-express CD45RA (Mitchison, 1992). Hence, CD45RA would be
correlated with stage of selection. This issue has been partly addressed
by determining the phenotype of "doomed" cells. Using purified
CD45RA+ or CD45RO+ human thymocytes grown in murine foetal
thymic organ cultures, Merkenshlager and Fisher (Merkenschlager &
Fisher, 1991) have shown that anti CD3 mAb or 2 out of 3 combinations
of anti CD2 mAb induce cell death by apoptosis in such cultures.
Furthermore under such conditions CD45RA+ cells switch to CD45RO
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and CD45RO+ cells undergo apoptosis. They argue that this is
evidence for CD45RA+ being a marker of surviving thymocytes and that
deletion occurs only among CD45RA- cells. However, they also show
that although in antibody treated cultures there is little or no cell growth,
there is maturation towards single positives and all these cells are
CD45RO+ indicating that not all CD45RO+ cells are doomed to die. This
is in keeping with our data of both subsets surviving selection.
Furthermore two questions still remain. Firstly, is it is not clear whether
the signal for apoptosis occurs before or after CD45RA+ cells become
CD45RA- and secondly, recent data has questioned whether treatments
such as anti CD3 actually serve as a paradigm for negative selection
(Sentman, etal., 1991).
Thus several studies have led to the suggestion that expression of
CD45RA defines the cells which survive selection. Although CD45RA+
cells only account for a small percentage of total thymocytes, it would
not be without precedent for a major progenitor population to comprise
such a few cells. As discussed in chapter one, recent studies on bone
marrow stem cells have argued that fewer than 1% of cells account for
all radioresistant cells capable of generating colony forming units
(Uchida & Weissman, 1992). A recent study has shown that the least
mature thymic progenitors account for a tiny proportion of total
thymocytes (Wu et a!., 1991a). Moreover, most thymocytes die in situ
(reviewed in (Shortman, etal., 1990)) supporting the notion that only a
minority population survives. However, despite the fact that the small
CD45RA+ population might be large enough to contain all thymic
progenitor cells, the data we have obtained when studying the
transgenics argues strongly against CD45RA expression defining the
cells which have been positively selected. Also arguing against such a
possibility is the size of the double positive and single positive
CD45RA+ populations (Egerton etal., 1990b). If the CD45RA+ single
positive cells described here account for all surviving thymocytes which
give rise to peripheral T cells then it can be calculated that these cells
could only stay in the thymus for a few hours prior to exit to the
periphery. This would contradict data from Egerton et al (Egerton et al.,
1990b) on the kinetics of mature T cell development in the murine
thymus which showed that single positive cells actually remain in the
thymus for several days. Moreover, the exit of single positives from the
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thymus is equivalent to the rate of entry into single positives from double
positives. This implies that there is little or no negative selection at this
stage. Taken together, these results suggest that both CD45RA+ and
CD 45RA- cells exit from the thymus since both populations are
represented. Indeed Kelly et al have now used fluorescein labelling to
study recent thymic emigrants. They show that whilst virtually all thymic
emigrants are CD45RB+ when stained with 16A, most are CD45RA"
when stained with RA3-2C2 (Kelly & Scollay, 1990). Even allowing for
the fact that they may have underestimated the percentage of CD45RA+
cells leaving the thymus since their staining with RA3-2C2 appears very
dull as judged by the staining on mature lymph node control cells, it is
unlikely that CD45RA+ cells will account for the majority of recent thymic
emigrants. This also argues against a late phenotypic switch to
expression of CD45RA among CD4 single positives and suggests that
among CD4+ cells at least, thymic emigrants are likely to be CD45RA-.
Finally, the data presented here show no difference between the
strains studied (B10A - H2-k, CBA - H2-k and C57BL/10 - H2-b) but a
recent study has shown that certain strains show a different pattern of
thymocyte staining (Huby & Goff, 1992). The only apparent correlation
between such strains is that they all express the Mtv-6 or -7 sequences
encoding MIs^. However, no skewing of the Vp repertoire was seen in
the CD45RA+ population.
In conclusion then, CD45RA is clearly expressed by a subset of
thymocytes which may represent a lineage of cells with considerable
precursor potential. However, the CD45RA+ thymic subset is unlikely to
represent the only thymic generative lineage. To further address these
issues, the effects of thymectomy and ageing on the peripheral pool of
CD45RA+ T cells were studied.

9.4 CD45RA and T cells In the periphery
As discussed in the previous sections, the data on expression of
CD45RA in the thymus suggests that not only can a phenotypic switch
occur from CD45RA- to CD45RA+ but that expression of CD45RA on
CD4+ and CD8+ cells does not define equivalent subsets in terms of
maturation. Our studies in the periphery reinforce these suggestions
and have led to a hypothesis that CD45RA defines a hypo-responsive
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subset of T cells rather than a naive subset and that interconversion
between CD45RA+ and CD45RA- states occurs. Arguments to support
such a conclusion based on our data and the literature will be presented
in the following discussion.
9.4.1 Does the pattern of expression of CD45RA on T cell
subsets in vivo follow that expected of naive T cells?
As already stated, a marker of naive cells would be expected to
be expressed on recent thymic emigrants, to decline with age
following exposure to environmental antigens and following
thymectomy. In chapter 5, I have shown that the maintenance of
CD45RA+ cells in vivo differs between the CD4 and CD8 subsets of
mouse T cells. Among CD8+ cells the CD45RA+ population is
sensitive to thymectomy, declines with age and in young mice only a
small percentage co-expresses CD44.
In contrast, the
C D 4+C D 45R A + population is resistant to thymectomy and is
maintained at a constant level throughout adult life with the majority
co-expressing CD44. The results in the thymectomized mice and the
pattern of expression of CD44 suggest that naive single positive
thymic emigrants are CD45RA+ if they are CD8+ and CD45RA' if they
are CD4+ cells. This is supported by the pattern of CD45RA
expression seen in the thymus which showed that very few CD4 single
positive thymocytes express CD45RA whereas there is a clear
subpopulation of CD45RA+ cells among CD8 single positives
(Chapter 4 and (Ezine, et al., 1991 ; Lightstone & Marvel, 1990)). In the
rat, recent thymic emigrants can be identified by the expression of Thy1 which is expressed on single positive thymocytes and lost on
peripheral blood lymphocytes 7 days after adoptive transfer of single
positive cells (Yang & Bell, 1992). Among CD4+ cells, such recent
thymic emigrants are CD45RC' and start to convert to CD45RC+ within
three days after adoptive transfer (Yang & Bell, 1992). This agrees
with our data which suggest that CD4+ cells leaving the thymus are
C D 45R A '. We also know that only a fraction of these become
CD45RA+ but it is less clear exactly at what stage this occurs and the
mechanisms governing which cells acquire this isoform.
If CD4+ thymic emigrants are indeed CD45RA- then it follows
from our data on very young mice and studies on human cord blood,
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that there must be a very rapid upregulation of CD45RA expression in
the periphery. The findings of Yang and Bell in the rat support this
possibility (Yang & Bell, 1992). We show that the highest proportion of
CD4+CD45RA+ cells is indeed seen in the youngest mice studied but,
after an early fall, the proportion of CD4+CD45RA+ cells is remarkably
constant.

Lymphocytes in human cord blood are considered to

represent a totally naive population. It was initially proposed that
virtually all cord blood I cells are CD45RA+CD45RO' (Pirruccello, et
al., 1989). However, recent reports have demonstrated varying
proportions of CD4+CD45RA+ cells ranging from 35% to 94% of cord
blood CD4+ cells (Bradley, etal., 1989; Fujii etal., 1992b; Herrod, et
al., 1991; Pilarski, etal., 1991). Furthermore, Pilarski efa/(Pilarski et
al., 1991), note that only 75±8% of CD3+ cord blood I cells are
CD45RA+ and 19% are CD45RO high, a surprisingly high figure for a
population of cells usually considered truly "naive". It may be that
these in fact are recent thymic emigrants which have not yet expressed
CD45RA. Bradley et al (Bradley etal., 1989) showed that the
percentage of CD4+CD45RA+ cells in neonates was the same as that
seen in adults but that there were fewer CD4+ CD45RO+ cells.
Our studies on expression of CD45RA in ageing mice show a
modest decline in the proportion of CD45RA+ cells among CD8+ cells
with increasing age though in some of the mice studied this was
greatly exaggerated by thymectomy. This suggests that the thymus is
either continually exporting thymic emigrants throughout life or that, by
secreting thymic hormones, it contributes to the maintenance of the
CD8+CD45RA+ peripheral pool. Since the decline was not seen in all
animals studied, it is possible that the level of T cell activation differed
among the animals due to infections or coincidental illnesses. Three
interacting mechanisms could account for the findings: 1)
CD8+CD45RA+ cells cannnot self-renew in the periphery in the
absence of the thymus; 2) when these cells lose CD45RA, they do so
in an irreversible fashion; or 3) conversion from CD45RA- to CD45RA+
can occur but is prevented when cells are activated. If the latter is true,
then it can be postulated that in those mice where a decline was seen
a higher proportion of CD8+ cells were in an activated state. We
favour the latter view on the basis of our other data and recent
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literature. This will be addressed in more detail in sections 9.5 and
9.6.
The data on ageing mice presented here are in accordance with
the data obtained in the human where an initial decline in the
percentage of cells expressing CD45RA in young children compared
with newborns has been shown. Thereafter, only small changes are
seen up to 70 years of age (Erkeller, etal., 1992; Parker, et a!., 1990;
Serra et ai., 1988). A more recent report shows a remarkably stable
population of CD3+CD45RA+ cells throughout childhood, accounting
for 85% of CD3+ cells from 4 months to 10 years, with a drop to around
64% between 10 and 55 years and a further fall evident in the 69-75
years age group where 44% of CD3+ cells express CD45RA (Pilarski
et a!., 1991). However, the authors do not report whether the
percentage of CD4 and CD8 cells changes during this time and hence
any changes seen could be due simply to alterations in the ratio of
these two subsets. Hayward et al have demonstrated a steady
increase with age in the proportion of CD45RO+ cells among CD4+
and CD8+ cells in the peripheral blood when studying a population
aged from a few days to 20 years (Hayward, et al., 1990).
Furthermore, such an increase was seen among both ap and yÔ T
cells.
In the mouse, the only isoform which has been studied by others
is CD45RB. The pattern of expression of the CD45RB isoforms in vivo
is different from that of CD45RA. All CD8+ cells express CD45RB
though this has been shown to decline following in vitro alloactivation
(Birkeland, etal., 1989). In young mice most CD4+ cells express
CD45RB, in contrast to the CD4+CD45RA+ subset, and the proportion
of CD4+ cells expressing CD45RB continuously declines with age
although by 27 months more than 40% of CD4+ are still CD 4 5 RBbright
(Ernst, etal., 1990; Lee, etal., 1990; Nagelkerken, etal., 1991).
Although fewer CD4+CD45RB+ are also CD44+, the proportion
increases with age (Ernst etal., 1990), as also seen in the CD45RA+
subset . One study compared the expression of CD45RB on purified
CD4+ cells from the spleens of germ free mice kept in clean or dirty
conditions and the expression after in vivo alloimmunization (Lee et
al., 1990). Most of the CD4+ cells expressed CD45RB in the germ free
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mice whereas a drop was seen if they were not kept in sterile
conditions suggesting that exposure to environmental antigens leads
to a fall in expression of this putative marker of naive cells. Following
weekly immunizations with alloantigen in vivo fewer than 50% of the
CD4+ cells expressed CD45RB. Together with data showing that
following adoptive transfer into nude mice with concurrent
immunization all recovered cells were CD45RB- after 30 days, the
authors conclude that CD45RB+ cells were naive cells which give rise
to memory CD45RB- progeny (Lee et al., 1990). These transfer data
disagree with ours and may reflect the fact that we did not immunize
mice at the time of transfer and that we transferred total T cells rather
than purified subsets. We also found no alteration in the profile of
CD45RA staining among CD4+ or CD8+ spleen cells following
repeated alloimmunization in vivo (data not shown). We would
propose that because of the time course of the manipulations used in
the paper by Lee et al their data are telling us more about the
phenotypic changes associated with acute T cell activation rather than
those associated with acquisition of T cell memory. The effect of
thymectomy on CD45RB expression has not been studied directly.

So, all these data suggest remarkable stability of the size of the
CD45RA+ population in the periphery. If CD45RA- cells cannot revert
to CD45RA+ then two mechanisms could account for this: CD45RA+
cells might be very long lived or they might be able to self renew in the
periphery. If they can revert then the size of the CD45RA+ subset
might be maintained by replenishment from the CD45RA- pool.
Can CD45RA+ cells self renew in the periphery? Certainly
among CD4+ cells, the lack of effect of thymectomy would suggest this
and I have already argued that this may be the case among CD8+
cells. The case for self renewal is augmented by the findings after in
vivo transfer of T cells into irradiated hosts. These showed that,
despite marked expansion of the transferred subset, the proportions of
CD45RA+ cells among CD4+ and CD8+ cells was remarkably constant
over a prolonged period (chapter 5.2.6). A recent study from Sprent et
a/has shown long term maintenance of CD4+CD45RB+ lymph node
cells transferred into SCID mice (Sprent, et a!., 1991). Interestingly,
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compared to studies where cells are transferred into nude recipients
(Bell, etal., 1987; Rocha, etal., 1989a), transfer into SCID mice did not
lead to expansion of the subsets transferred and indeed only a
minority were shown to be cycling (Sprent etal., 1991). Thus, in this
study it was suggested that the CD45RB+1 cells were long lived in the
periphery. With increasing age a small decline in the percentage of
CD4+CD45RB+ cells is seen in the reconstituted SCID mice which we
also saw in the cell transfers into normal irradiated recipients referred
to in chapter 5.2.6 (data not shown). Furthermore, primed CD45RB+
cells can maintain expression of CD45RB when transferred into naive
adoptive hosts (Susan Swain, personal communication). Apart from
the implications for the validity of using the high molecular weight
isoforms as markers of naive T cells, these data suggest that
CD4+CD45RB+ cells are, like CD4+CD45RA+cells, able to survive
and expand in the absence of a thymus and/or are longlived in the
periphery. The data also suggest strong homeostatic mechanisms for
maintaining the ratio of CD45RA+ to CD45RA- cells in the periphery. It
was also striking that following depletion of CD4+ cells in vivo no
alteration in the CD45RA profile was seen on regenerated spleen
CD4+ cells (chapter 5.2.5). It would be interesting to determine the
CD45RA expression on regenerating human CD4+ T cells after anti
CD4 therapy e.g. as used in the treatment of systemic vasculitis
(Mathieson, etal., 1990).
The importance of homeostasis in peripheral T cell subsets has
previously been demonstrated for CD4 and CD8 cells, which when
transferred into athymic mice are self renewing and undergo initial
massive proliferation and then maintain numbers and proportions
much as seen in normal mice (Rocha et al., 1989a). The factors
controlling such homeostasis are not clear. Sprent has argued that
antigen must have an important role to account for the difference in
population expansion seen between nude and SCID mice, since the
former have substantial numbers of B cells which would be able to
present antigen to T cells and cause activation and proliferation
(Sprent et al., 1991). If this proves to be the case, then our data
strongly argue against CD45RA correlating with a naive phenotype
since such activation, leading to the generation of memory cells, does
not lead to loss of CD45RA expression on transferred cells. Patients
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who have had allogeneic bone marrow transplants allow comparable
studies on the effects of massive cell proliferation and subset
expansion on the distribution of CD45RA+ and CD45RA- T cells. In
one such study the ratio of CD4 to CD8 was reversed compared to
normals but proportions of CD45RA+ and CD45RO+ cells among the
CD4+ subset were in the normal range by day 30 following transplant
and remained so for the 150 days of the survey (Leino, et al., 1991).
Again this suggests that the ratio of CD45RA+ to CD45RO+ cells is
tightly controlled.
Overall, the data so far cannot formally discriminate between self
renewal and longevity accounting for the maintenance of the
CD45RA+ subset.
To address this issue further it would be helpful to determine the
life span and cell cycling status of CD45RA+ and CD45RA- cells from
normal mice. Cycling cells incorporate BrdU into their DNA during the
S phase of the cell cycle and this can be detected by intracellular
staining with an anti BrdU antibody (Gratzner, 1982). I attempted to
determine the cell cycle status of the two subsets directly by feeding
mice with BrdU (Forster, et a!., 1989) and combining surface staining
of subsets with anti BrdU staining. However, since expression of
CD45RA is so different among CD4+ and CD8+ cells, such a system
requires three colour staining (anti CD4 or CD8, anti CD45RA and anti
BrdU) and I could not find a third fluorochrome that was not destroyed
by the fixation required prior to permeabilizing the cells to label with
anti BrDU mAb's. This occurred even using an antibody that did not
require HOI dénaturation of DNA to detect BrdU. The only alternative
would have been to purify the CD4 or CD8 subsets and dual stain
such subsets. However, BrdU is toxic to cells and this combined with
the rigours of any purification system may well result in too much cell
death to make meaningful comparisons among the remaining cells. A
study in sheep has monitored BrdU incorporation in T cells in afferent
and efferent lymph as well as peripheral blood (Mackay, et al., 1990).
By selective cannulation of sheep popliteal nodes it was demonstrated
that afferent lymph is greatly enriched for CD45RA- T cells whereas
efferent lymph contains mostly CD45RA+ T cells. Over a three day
labelling period 25% of afferent lymph node cells incorporate BrdU in
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contrast to fewer than 2% of cells in efferent lymph. Total T cells were
stained rather than CD4 or CD8 subsets. The authors concluded that
memory CD45RA- cells were cycling in comparison to non-cycling
naive CD45RA+ cells. This would appear to agree with Sprent's data
that CD45RB+ cells are long lived (Sprent etal., 1991).
Thymectomy provides an alternative approach to determining the
life span of cell populations since non-self renewing populations will
not be replenished following thymectomy. Several studies have
shown that thymectomy leads to a fall in a short lived population of T
cells, e.g. (Kappler, etal., 1974), particularly of CD4+ T cells (Swain, et
al., 1990). Furthermore, the long lived thymus independent cells
express CD44+(Budd, etal., 1987a) and have been described as
memory cells as judged by accelerated lymphokine production in
response to recall antigen (Swain etal., 1990). The early studies
suggested that the helper population which declined following
thymectomy was naive since ability to prime to new antigens was lost
(Kappler etal., 1974). This has been confirmed in a more recent study
showing that following thymectomy there is a diminution in the ability
to generate antigen specific effector cells following in vivo antigen
priming (Bradley, etal., 1991). Thus, functionally, thymectomy
undoubtedly appears to lead to a loss of naive T cells which appear to
have a life span of about 10 weeks. We did not look at the ability to
respond to antigen following thymectomy. However, it follows that,
among CD4+ cells at least, since thymectomy led to no reduction in the
population of CD45RA+ cells, then expression of CD45RA in vivo does
not correlate with a naive phenotype. This may also be true among
CD8+ cells since the decline in CD45RA+ cells was only small and at
the very least suggests that the CD45RA+ subset may be functionally
heterogenous. There is little data available for comparison in other
species. In rat, an early study suggested that the proportion of CD4+
CD45RC+ cells is not diminished following thymectomy (Arthur &
Mason, 1986). In humans, childhood or adult thymectomy leads to no
apparent alteration in the ratio of peripheral CD45RA+ to CD45RO+
cells (Colin Michie and Peter Beverley, personal communication).
The co-expression of CD44 on most CD4+CD45RA+ cells and a
smaller subset of CD8+CD45RA+ also suggests that the CD45RA+
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subset may well be functionally heterogenous and again stresses the
difference between the subsets defined by CD45RA on CD4+ and
CD8+ cells (chapter 5.2.3). The pattern on expression of CD44 is
consistent with it being a marker of memory cells: it is found on most
cells following thymectomy, increases significantly with ageing
(Lerner, etal., 1989) and it is the CD44+ population among both CD4+
and CD8+ cells which is enriched for cells able to respond to recall
antigen (Budd etal., 1987a; Budd, etal., 1987b; Butterfield, etal.,
1989). Thus, if CD45RA is a marker of naive cells then expression of
CD45RA and CD44 on T cells should be mutually exclusive. The triple
staining data shows that this is not the case. An early study in humans
showed that CD45RA and CD44 appeared to define reciprocal
subsets of CD4+ cells (Sanders, etal., 1988). This same study also
showed that CD29, a pi integrin also defined the CD45RA* subset. In
contrast, more recent data has shown that CD45RA and CD29 are co
expressed on a significant percentage of CD3+ cells in neonates and
children (Pilarski etal., 1991). Furthermore, this population can
respond to recall antigen, namely tetanus toxoid. It would be
interesting to see if triple staining for CD4 or CD8 with CD45RA and
CD44 on human lymphocytes would lead to a revision on the degree
of reciprocity of expression of the latter two markers.
9.4.2 Do purifed CD45RA+ cells function as naive T cells?
Thus far, our data from in vivo patterns of expression suggest that
among CD4+ cells expression of CD45RA does not correlate solely
with a naive phenotype whilst among CD8+ cells it might. To take this
further we have studied the functional capabilities of purified CD45RA+
and CD45RA- cells to respond to primary and secondary antigenic
stimulation (chapter 7).
9.4.2.1 CD8+ cells
Purified subsets of CD8+CD45RA+ and CD8+CD45RA' cells
were able to mount primary in vitro cytotoxic responses to the
alloantigen KP. In contrast, when the subsets were purified from mice
which had been primed in vivo against the same antigen only the
CD8+CD45RA' cells were able to act as effector or memory cells when
restimulated in vitro (chapter 7.2.172/3/4). There is no comparable
study in any species which uses the same antigen to stimulate primary
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and secondary responses in purified subsets. The advantage of our
approach is that we could exclude repertoire differences accounting
for differential responses between subsets. Although our system
allowed differential priming and restimulation depending on the cell
expressing Kh we were unable to fully ascertain whether priming with
Kb led to purging of Kb reactive cells from the CD45RA+ subset (data
not shown). This is an important issue since it might shed some light
on phenotype switching following exposure to antigen and the
relationship between the amount of antigen required to shift all
possible precursors from one pool to the other. In humans, following a
primary in vitro alio MLR, the CD45RA+ cells which remained
CD45RA+ were unable to respond to the same alloantigen but could
respond to a third party alloantigen. Since it was also shown that the
secondary response to the initial alloantigen was found in cells which
had converted to a CD45RO phenotype, these data strongly suggest
that the CD45RA+ subset had indeed been purged during priming
(Akbar, etal., 1989).
The finding of primary alloresponses among both CD8+
CD45RA+ and CD45RA- cells does not negate the original hypothesis
that the latter population represents memory cells since cells
expressing a TCR specific for self MHC and foreign peptide can cross
react with non-self MHC molecules (Lombardi, etal., 1989). Equally
however, the responses to primary alloantigen among the CD45RAsubset cannot exclude that this population also contains some naive
cells, possibly recent thymic emigrants.
There is only one other study on CD8+ subsets in mice and this
supports our findings.
Birkeland has shown that following
alloactivation of murine GD8+ cells, immunoprécipitation with an anti
CD45 mAb shows a loss of the highest molecular weight band (220)
and induction of the 180 band (Birkeland etal., 1989). The anti
CD45RB antibody, 23G2, immunoprecipitates 220, 200 and 190 kd
forms on resting T cells but only the 190 kd form on alio T cell blasts
(Birkeland et ai., 1989). In humans, similar data on allocytoxicity have
been obtained. Both CD8+CD45RA+ and GD45RO+ cells can respond
in an alio MLR (Takeuchi, et al., 1989) whether or not GD4+ cells are
also present (Merkenschlager & Beverley, 1989). This latter study also
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looked at the phenotype of memory CD8+ cells able to respond to
autologous EBV transformed B cell lines from donors who had been
exposed to EBV previously. Specific cytotoxity was largely confined to
the CD45RO+ subset and limiting dilution analysis revealed the CTLp
frequency to be between 16-40 x higher among CD45RO+ cells than
among the CD45RA+ cells (Merkenschlager & Beverley, 1989).
Primary antigen specific responses were not studied. Together, our
data and that from the human studies is compatible with CD45RA
defining the naive CD8+ subset. However, alternative explanations
are possible. In both systems the readout may be more of a measure
of activation than memory. For instance, in the mouse system used,
detectable responses to the priming antigen are optimal within 3-5
weeks of priming and thereafter decline considerably (Hans Stauss,
personal communication). In the human system, EBV is a latent virus
and EBV antigens may be continuously expressed in vivo thus
maintaining the responding cells in an activated state. If these
criticisms are valid then the results could be reinterpreted as loss of
CD45RA being a marker of activated, rather than memory, cells.
9.4.2.2 CD4+ cells
We then looked at memory responses in vivo of purified
CD4+CD45RA+ and CD4+CD45RA- cells. Our system had the
advantage that no in vitro restimulation was required and we could
therefore assume that most necessary costimulatory signals were
being supplied as the responses were measured on sera from the
adoptive hosts. The recall antibody response generated by the
transferred CD45RA+ population was between 15 and 80% of that
generated by the CD45RA- subset (chapter 7.2.5/6). The limitation of
the system was that the purity of the transferred populations could not
be assessed by staining. We would argue from in vitro data that the
responses seen among the transferred CD45RA+ cells were not
simply due to contamination with CD45RA- cells. Thus in vitro, we had
shown that there whilst there is no evidence for the CD45RA+ subset
suppressing the response of the CD45RA- subset, the CD45RAsubset always proliferated much better than the reciprocal subset.
Such a difference would not have been expected if there was
significant contamination of the CD45RA+ subset. It would have been
interesting to determine the phenotype of the transferred cells at the
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time of assaying antibody titres but this would have been difficult since
no allotypic marker was used. Also the host mice were irradiated and
we know that in these circumstances, at least in the rat, over the time
course studied the transferred cells proliferate and lose CD45R
expression. The data show that in all three experiments the CD45RAsubpopulation has slightly greater activity per cell and since this is the
major CD4+ population numerically in normal mice, must contain most
of the cells able to respond to recall antigen. However, the more
important finding is that the reciprocal CD45RA+ subpopulation can
also contribute to recall responses when assayed in vivo.
There have been several recent studies in humans and mice on
the relationship between CD45 isoforms and memory in CD4+ T cells.
In humans, alloreactive CD4+ cells are equally distributed between the
CD45RA+ and CD45RO+ subsets (Merkenschlager, etal., 1991). One
study has looked at primary in vitro responses of purified T (not CD4+
alone) cells and shown proliferation to KLM, a primary antigen, is
greater in the CD45RO’ subset than the CD45RA' subset, whilst
proliferation to M. Tb PPD is augmented in the CD45RA" subset
(Plebanski, et ai., 1992b). Whilst this data is in keeping with the
hypothesis that the CD45RA- subset is enriched for memory cells it
does not confirm that the CD45RA+ subset comprises only naive cells.
Indeed one study has shown that all the cells from non-immune
individuals responding to Plasmodium falciparum fractionated
antigens were contained within the CD45RO+ subset, even in cord
blood (Jones, et al., 1990) although a more recent study using two
promiscuous malaria peptide epitopes has shown such responses to
be confined to the CD45RA+ subset (Fern & Good, 1992). An
interesting recent study has shown that human CD4+CD45RO+ and
CD4+CD45RA+ T cells synergize in response to alloantigens (Akbar,
et al., 1991a; Akbar, etal., 1991b). In conjunction with a previous
study (Akbar, etal., 1990), the findings suggest that the synergy is due
to differential lymphokine production by the subsets. This has
important implications for interpreting the functional significance of
responses of purified T cell subsets in the absence of the appropriate
costimuli and will be addressed further in section 9.5.
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In the mouse all other studies looking at the correlation between
expression of CD45 isoforms and memory in CD4+ cells have used
mAb's recognizing exon B determinants. In general these studies
have involved priming in vivo followed by restimulation in vitro after
various time intervals, and assessment of lymphokine production and
helper activity for Ig production. Such studies have supported the
notion that the CD4 5 RBiow subset is enriched for cells which have
been primed for antigen (Bradley etal., 1991; Swain, et a!., 1991;
Swain et a!., 1990) and this subset can also be defined by absence of
expression of the lymphocyte homing receptor, MEL-14 (Bradley, et
a!., 1992). One study has looked at precursor frequency in limiting
dilution assays (Lee & Vitetta, 1990). Again, this showed very similar
frequencies among the CD 4 5 RBhigh and CD45RBiow for primary
responses to alloantigens. However, two weeks after priming there
was a greatly diminished precursor frequency among the CD45RBhigh
subset and a two fold increase in the frequency of alloreactive
CD45RBiow cells (Lee & Vitetta, 1990). Again, it can be argued that
after such a short priming period these results represent activation
rather than memory. Ambiguous results were obtained for antigen
specific precursor frequencies. Cells able to respond to antigen on
priming in vitro were certainly enriched for among the CD45RBhigh
subset and this was reversed 7 days and 13 weeks after in vivo
priming. However, at 45 weeks following priming, the precursor
frequency for antigen specific cells was identical in both subsets and
similar to that seen in primary responses in the CD45RBhigh subset.
The authors argue that this is due to recruitment of naive cells from the
thymus into the CD45RBhigh subset but the presence of memory cells
derived from the CD45RBio cannot be excluded (Lee & Vitetta, 1990).
One study in the mouse has used in vivo adoptive transfer of
purified CD 4 +CD 4 5 RBhigh and CD45RBi° cells from either unprimed
or KLH primed mice into nude mice to study association with memory
function (Lee et a!., 1990). No primed B cells were transferred. The
adoptive hosts were immunized with KLH-TNP at the time of transfer
and boosted 30 days later. Helper activity for production of anti TNP
IgG antibodies was confined to mice reconstituted with CD 4 5 RBhigh
cells when the donor had not been primed. In contrast, following
donor priming 1 week or 1 month prior to transfer, helper activity was
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greater in the CD45RBio reconstituted mice. Interestingly, if mice were
primed two months prior to transfer, in comparison to priming one
month prior, the CD45RB'o reconstituted mice showed a nearly 4 fold
reduction in the level of IgG produced whilst cells from the
C D 4 5 R B h ig h reconstituted mice showed a 2 fold increase in IgG levels.
This might suggest that memory cells return to the CD45RBio
compartment with time.
A recent study sheds light on the discrepancy between our in vivo
findings and the largely in vitro studies of others in the ability of CD4+
cells expressing the high molecular weight isoforms to provide help for
antibody production. Lee and Vitetta show that, following in vivo
priming, whilst both CD4 5 RBhigh and CD45RBio cells can interact with
hapten-specific antigen binding B cells in vitro as judged by
proliferation and lymphokine production, only the CD45RB'o subset
promoted substantial Ig secretion by the B cells (Lee & Vitetta, 1991).
However, with the addition of IL4 or IL6 and IL5, the CD4 5 RBhigh
subset was able to provide help for Ig production. This strongly
suggests that failure to provide adequate costimulatory signals may
well be responsible for the differences seen between the subsets
when assayed in vitro and these were overcome in our in vivo assay.
9.4.3 Correlating phenotype in vivo with antigen specific
responses
So, having shown that the CD4+CD45RA+ subset could provide
help for secondary responses in vivo whilst the CD8+CD45RA+
subset was apparently unable to do so when assayed in vitro, we
reasoned that it was necessary to study the subsets in vivo to
determine their "true" capabilities. Also, as shown in chapter 5.2.4, the
maintenance of CD45RA expression, in particular among CD4+ cells,
was different in vitro compared to in vivo and furthermore, the addition
of IL2 altered how well expression was maintained.
Our initial strategy was to try to deplete the CD45RA+ cells in vivo
using antibody depletion. As discussed in chapter 7.2.7 we were
unsuccessful and were therefore unable to test the predictions made.
Technical problems may have accounted for some of the data, but
since we did see a temporary reduction in thymectomized mice, we felt
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that the inability to deplete CD45RA+ cells reflects the fact that cells
were recruited from the CD45RA- subset back into the CD45RA+
subset in order to maintain the balance between the subsets. As far as
we are aware no other group has used this strategy to deplete CD45R
subsets.
We then took advantage of T cell receptor transgenic mice as
well as the superantigen system (chapter 8). The TG approach
allowed identification of a large population of monoclonal antigen
specific I cells. Firstly we have shown that not all naive cells are
CD45RA+. We then go on to show that in vivo the earliest response to
priming is an increase in expression of total CD45 with a parallel
increase in CD45RA expression on the transgenic CD8+ cells which
are actively proliferating and functionally primed. Concomitantly, there
is a rise in expression of CD44. In comparable transgenics it was also
shown that a month after priming there was no diminution in the
proportion of CD45RA+ cells among the transgenic cells. This was in
marked contrast to the situation where transgenic cells were constantly
exposed to antigen, i.e. H-Y specific transgenic T cells from female
mice transferred into male nude mice. Thus loss of CD45RA
expression was associated with continued exposure to antigen. More
recent studies undertaken by Jacqueline Marvel, have confirmed our
early findings in the transgenics and have extended the data by
looking at thymectomized mice which have been previously primed. In
these, one month after priming, CD45RA expression among the
transgenic cells looks very similar to that found in unprimed mice and
CD44 levels are intermediate. Following boosting however, the
transgenic cells undergo a further round of proliferation which is again
accompanied by an increase in expression of CD45RA and CD44.
Finally, our preliminary data from mice primed or tolerized against MIs13 also show no alteration in the CD45RA profile in the responding
vpe+ population.
So, how can this be interpreted? The data show that CD45RA
expression does not correlate with a naive phenotype and that the
earliest response to antigen activation, whether primary or secondary,
is in fact a rise in the level of CD45RA. This is followed by a return to
baseline levels of expression which only fall further in the face of
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continued antigen exposure. The more recent data on thymectomized
mice also suggest that CD45RA can be re-expressed and hence loss
of expression tells us about the state of activation of the cell and not its
antigenic history.
Swain et al have looked at mice bearing a transgenic TCR
specific for pi geon cytochrome c presented in the context of class II.
Hence, the transgenic T cells in these mice are CD4+. They have
focussed on the lymphokines produced by the CD45RBhi9h transgenic
T cells in response to stimulution by different types of ARC. They have
assumed they have been looking at a naive population and report that
they fail to generate memory cells after priming in these mice since
they fail to generate increased numbers of CD45RBio cells (Susan
Swain, personal communication). However, we would argue that they
may well be generating memory cells but they have probably reverted
to GD45RBhigh and that memory should be judged functionally and
then correlated with phenotype. Their only published data so far is in
fact consistent with our findings: not all naive transgenic cells are
CD4 5 RBhigh and following antigen stimulation In vitro and culture with
IL2 and IL4, there is a rise in the percentage of CD4 5 RBNgh and
CD44+ cells (Swain et al., 1991).

9.5 CD45RA+ cells are hypo-responsive rather than
n aive
All this data and our arguments thus far suggest that whilst the
CD45RA' subset is enriched for cells able to respond to recall antigen,
it is more accurate to regard it as an activated, hyper-responsive
subset. Furthermore, the expression of CD45RA does not correlate
with a simple naive phenotype. The phenotypic profile of CD45RA+
subsets in vivo suggests that they are heterogenous and may contain
cells which have been primed. The inability to respond to recall
antigen in vitro might then not reflect an unprimed state but a higher
threshold for activation. How can this all be drawn together? Perhaps
the most salient data is that from chapter 6 which shows the
GD4+CD45RA+ to be hypo-responsive in comparison to the reciprocal
subset when stimulated in vitro with anti GD3 but which can be further
stimulated by the addition of appropriate costimuli. Furthermore,
rather than displaying an absolute inability to proliferate as well as the
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CD4+CD45RA' subset, the CD4+CD45RA+ shows a delay in activation
when the kinetics of the proliferative response are studied. In keeping
with comparable studies in the human (Dohlsten, e ta l., 1988;
Sanders, etal., 1989), the CD45RA+ subset is able to proliferate
nearly as well as the CD45RA’ subset in response to PHA. Also, the
two subsets do not define the Th1/Th2 split but do differ in their ability
to produce IL4. The lymphokine data also suggests that the
lymphokines produced are stimulus dependent.
Although there are some conflicting data in the literature, largely
attributable to experimental differences, there are now numerous
reports in the literature which tend to support our hypothesis. In the
following discussion I wish to stress that the response of the purified
subsets appears to depend on the nature of the original stimulus and
of the costimulatory signals supplied. Furthermore, this can then be
related to the profiles of cytokines produced.
As discussed in chapter 1.6.2.2 early functional data on purified
human subsets showed CD4+CD45RA' cells respond better to anti
CD3 stimulation (e.g.(Byrne, etal., 1988)). This has been confirmed in
several subsequent studies e.g (Sanders etal., 1989). Interestingly,
Koulova et al have shown that it is a subpopulation of CD45RA+ cells
which is hypo-responsive to anti CD3 stimulation yet this same subset
is able to respond to stimulation with anti CD28 plus anti CD2
(Koulova, etal., 1990). This difference in response to anti CD3 has
also been shown for the subsets among CD8+ cells (de, et al., 1991).
When stimulated with mitogenic combinations of anti CD2 antibodies,
several reports have shown preferential responses by the
CD4+CD45RA- subset (Byrne, etal., 1989; Kasahara, etal., 1990;
Sanders etal., 1989; Wallace & Beverley, 1990). However, others
have shown preferential responses by the reciprocal subset
(Matsuyama, etal., 1988; Schraven, etal., 1989). The reasons for this
difference are not clear though it has been postulated that it reflects
differences in methods of purifying the subsets, namely whether
positive or negative selection methods have been used (Schraven et
al., 1989). Similarly, discrepancies have been reported in the
response to stimulation with the exogenous superantigens. Lee and
Vitetta have shown the CD4+CD45RB" subset in the mouse to be
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unable to respond to SEB (Lee & Vitetta, 1992b) whilst in the human,
the CD4+CD45RA- responded preferentially to SEA (Fischer, etal.,
1992). Much less difference between the subsets has been seen
when con A or PMA plus calcium ionophores have been used to
stimulate purified subsets e.g (Wallace & Beverley, 1990).
Is the inability of the CD4+CD45RA+ to respond to various stimuli
absolute or can additional factors be added to augment responses?
The similarities in proliferation of the subsets seen with the
combination of PMA and ionophores strongly suggests that
costimulatory signals are important since it has been shown that the
profile of interleukins produced by CD4+ cells is stimulus dependent
and that stimulation with the combination of PMA and ionophore leads
to transcription.of message for both IL2 and IL4 in most CD4+ cells
(Carding, et a!., 1989). Thus it is likely that under these stimulating
conditions optimal cytokine production occurs to maintain both
subsets. Furthermore, as discussed in chapter 1.4, it has now been
established that the differentiation of T helper clones into a Thi or Th2
phenotype depends on the cytokines added to the cultures and indeed
the cytokines produced by Thi or Th2 cells have profound effects on
the reciprocal clones either directly or by effects on APC. The
cytokines produced by T cells in vivo are similarly dependent on the
antigenic stimulus and costimulatory signals from other cytokines
(reviewed in (Kelso, et ai., 1991; Mossman, et ai., 1991)). Importantly,
it has also been shown that by looking at mRNA in CD4+ cells
stimulated in vivo either with anti CD3 antibodies or antigen, cytokine
profiles are different from those seen following in vitro stimulation,
again suggesting that costimulatory signals are lacking in the latter
situations (Flamand, et ai., 1990; Rocha, et ai., 1989b; Scott, et ai.,
1990).
The first study which really highlighted the importance of
costimulatory signals with respect to CD45RA subsets was that from
Morgan ef a/(Morgan, et ai., 1990). They showed that the response of
the CD4+CD45RA+ subset could be augmented not only by simply
increasing the dose of the primary stimulus but also by the addition of
different costimuli. The best costimulus varied according to the nature
of the primary stimulus. Furthermore, activated monocytes generally
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stimulated both CD4+CD45RA+ and CD4+CD45RA- subsets better
than resting monocytes, probably reflecting increased adhesion
molecule expression as well as cytokine release. Several more recent
studies have confirmed that the responses of CD45RA+ cells can be
augmented by costimuli and that the costimuli requirements differ
between the two subsets. In particular, the role of IL1 and IL6 have
been stressed. Wasik et al showed that whilst the the CD4+CD45RAsubset proliferated well to anti CD3 alone or IL1 and IL6, the
CD4+CD45RA+ subset only responded well to a combination of anti
CD3 plus IL4 and this could be greatly enhanced by the addition of IL1
and IL6 (Wasik & Morimoto, 1990). Van Seventer et al have shown
that resting CD4+ cells require ICAM-1 or VCAM-1 to costimulate
responses to anti CD3 or SEA and these responses are augmented by
IL1 and IL6 (van Seventer, etal., 1991). ICAM-1 is an important
costimulus for SEA presented by HLA-DR on mouse L-cells to human
CD4+CD45RA+ cells whereas is it unnecessary for costimulation of the
reciprocal subset (Fischer et al., 1992). In vitro primary responses to
stimulation with KLH require IL1 (Plebanski, et al., 1992a) and the
responding subset is largely CD4+CD45RA+ (Plebanski etal., 1992b).
Among murine CD4+ cells, whilst the CD45RB+ subset is markedly
hypo-responsive to cross linked anti CD3 in the absence of
monocytes, it is the CD45RB- subset which, although proliferating and
secreting cytokines in response to the same stimulus, requires the
addition of IL1 for optimal clonal expansion (Luqman, etal., 1992).
The effects of costimuli in augmenting the response of the
CD45RA+ subset suggest that the cells are hypo-responsive. This
may not be the same as naive and their additional requirements may
have been the reason that in vitro experiments failed to show recall
responses among this subset. Certainly limiting dilution assays are
only representative of precursor frequencies if the only limiting factor is
the number of precursors. If other factors, namely costimuli, are
inadequate then the lack of response cannot distinguish between lack
of antigen responsive cells and inadequate stimulation (Lefkovits &
Waldmann, 1984).
How might the hypo-responsiveness of the CD45RA+ subset be
explained?
There would appear to be two important areas:
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expression and induction of adhesion molecules and cytokine
secretion. We have not looked at adhesion molecules other than
CD44 largely because of the limited availability of monoclonal
antibodies in the mouse at the time these studies were being
undertaken. However, in the human, as already mentioned, the
CD45RA+ subset expresses lower levels of various adhesion
molecules than the CD45RO+ subset and indeed upregulation of
various adhesion molecules is a feature of T cell activation (Sanders
et al., 1988; Shimizu, etal., 1990; Wallace & Beverley, 1990). Thus
lack of adhesion molecules, known to augment I cell activation, may
not allow optimal second signal induction in CD45RA+ cells.
Importantly, adhesion alone is not a sufficient factor as shown by the
lack of costimulatory effects provided by the endothelial adhesion
molecule ELAM-1 (van Seventer ef a/., 1991). However, level of
expression of adhesion molecules cannot account for all the
differences in response to costimuli. Firstly, the fact that purified
VCAM-1 can costimulate CD45RA+ cells (van Seventer et al., 1991)
indicates that there must be significant expression of its ligand, GD29,
on the CD45RA+ subset. Secondly, CD45RO+ cells activated in vitro
with superantigens express much higher levels of CD2 and CD29 than
freshly isolated ("resting") CD45RO+ cells, yet they were relatively
hypo-responsive to costimulation by ICAM-1 or VCAM-1 (Damie, etal.,
1992). Thirdly, CD4+CD45RA+ and CD4+CD45RA- cells express
quantitatively similar levels of CD28, yet only the latter subset
responded to the costimulatory effects of the CD28 ligand, 87 (DamIe
etal., 1992).
The CD4+CD45RA+ and CD4+CD45RA' subsets also differ in
their cytokine production. We have shown that both can produce IL2
and IL4 but the latter cytokine is more efficiently produced by the
CD4+CD45RA- subset and its production in general depends on the
stimulus. Most studies on human T cell subsets have reported that
whilst the CD4+CD45RA+ subset is the main producer of IL2, the
CD4+CD45RA- subset can produce a plethora of cytokines including
IL2, IL4 and IFN-y (Akbar et al., 1991b; Salmon, et al., 1988; Sanders
et al., 1988). However, this division is not absolute. When mRNA is
studied and the kinetics of cytokine production followed, the
CD4+CD45RA+ subset can certainly produce IL4 and IFN-y (Bettens,
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et al., 1989). An important difference is in the ability to produce IL6
which appears to be confined to the CD45RO+ subset. IL6 is also
produced by monocytes and hence might explain part of the improved
responsiveness of CD45RA+ cells to various stimuli in the presence of
monocytes, Indeed, IL6 can restore the responsiveness of
CD4+CD45RA+ to anti CD2mAb in the absence of monocytes
(K asa ha ra e ta l., 1990).
Similarly, the synergy between the
C D 4+C D 45R A + and CD4+CD45RA- subsets in response to
alloantigen has been ascribed to differential cytokine production by
the two subsets, each subset providing cytokines which augment the
response of the reciprocal subset (Akbar etal., 1991b). In rats, CD4+
CD45RC+ cells are the main producers of IL2 and IFN-y whilst the
CD4+ CD45RC" cells mainly produce IL4 (Arthur & Mason, 1986;
Spickett etal., 1983). It has been postulated that the equivalent subset
among human CD4+ cells which would secrete IFN-y would have the
phenotype CD45RAduil, CD4 5 RB bright (Mason & Powrie, 1990).
In the mouse, the only other studies looking at lymphokine
production have separated CD4+ subsets on the basis of CD45RB
expression. In general, these have shown IL4 production is largely
confined to the CD45RB- subset (Bottomly et al., 1989; Bradley et al.,
1991; Lee etal., 1990; Nagelkerken etal., 1991) though the data on
ability to produce IL2 vary according to which anti CD45RB antibody is
used to purify the subsets. When CD45RB subsets are purified using
ISA, only the CD45RB+ subset has been shown to produce IL2
(Bottomly etal., 1989; Nagelkerken et al., 1991) whilst both subsets
can produce IL2 when purified with 23G2 (Lee etal., 1990). An
important paradox that remains to be explained fully is that ISA was
derived by immunizing mice with Th2 clones which are indeed
CD45RB+. Th2 clones by definition produce IL4 and IL5 but not IL2.
However, the freshly isolated spleen cells which stain brightly with ISA
fail to produce these cytokines and have the phenotype of Thi like I
cells (Bottomly et al., 1989). A very recent study from Lee and Vitetta
has shed some light on this paradox by showing that T cell lines grown
from alloantigen primed mice are all initially CD45RB- and those which
become IL2 secretors maintain this phenotype, whilst those that
become IL4 secretors revert to CD45RB+ (Lee & Vitetta, 1992a).
Perhaps the more important conclusion is that depending on how the

253

cells are grown, not only can their cytokine production alter but so can
their phenotype. The inability of freshly isolated CD45RB+ cells to
produce IL4, IL5 and IL6, in comparison to the reciprocal subset, has
also been shown to account for lack of ability to provide help for
antibody production to primed B cells. This can be overcome by the
addition of these cytokines (Lee & Vitetta, 1991) suggesting the
possibility of synergistic interactions between CD45RB+ and CD45RBsubsets analogous to those described between CD45RA+ and
CD45RO+ cells in humans. Similarly, the multiple organ pathology
induced by transfer of purified CD4+CD45RC+ cells into athymic or
nude rats which can be prevented by cotransfer of the reciprocal
subset (Powrie & Mason, 1990; Sparshott, etal., 1991), may reflect an
imbalance in lymphokine profiles when only one subset is present
rather than inherent autoimmune repertoire in the CD4+CD45RC+
subset. However, since all the CD4+CD45RC+ cells rapidly become
CD45RC' in vivo it then becomes difficult to reconcile this data with a
change of phenotype being associated with a change in function.
Thus, overall, many of the functional differences between
CD45RA+ and CD45RA' cells might be explained by differences in
their abilities to interact with various costimulatory signals either due to
a relative lack of adhesion molecules or an inability to produce certain
cytokines. Importantly, the discrepancies seen in our data and that of
others between in vivo and in vitro findings might be explained by
synergistic interactions between the subsets and by optimal provision
of costimulatory signals in vivo.

9.6 Conclusions and speculations
The recurring themes in this discussion have been that
expression of CD45RA does not appear to correlate solely with a
naive phenotype, that the CD45RA+ subset should more accurately be
considered as a hypo-responsive subset in comparison to the
CD45RA- subset, that interactions between the two subsets appear to
be tightly regulated in vivo and findings in vitro do not necessarily
reflect what happens in vivo.
Perhaps the most important issue as to whether CD45RA can still
be regarded as a marker of naive cells is whether it is a marker which
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is irreversibly lost following antigen activation. Although not directly
addressed, much of our data (the effects of thymectomy, ageing, in
vivo depletion and from the transgenics) suggest that CD45RA- cells
can re-express CD45RA. As mentioned above, the study on
expression of CD45RB on Th1 and Th2 murine cell lines has shown
reversion of expression of CD45RB in vitro (Lee & Vitetta, 1992a). The
most convincing evidence for reversion has come from in vivo studies
on adoptively transferred CD4+CD45RC’ and CD4+CD45RC+ cells in
the rat (Bell & Sparshott, 1990; Sparshott etal., 1991; Yang & Bell,
1992). There is also an increasing body of evidence that reversion
occurs both in vivo and in vitro in humans. Both persistent and cyclic
expression of CD45RA has been shown to occur on T cell lines and
clones maintained in vitro and the nature of the culture conditions
appears to be important as to whether CD45RA is re-expressed or not
(Brod, etal., 1989; Rothstein, etal., 1990; Rothstein, etal., 1991;
Warren & Skipsey, 1991). Reversion of expression has also been
shown to occur among CD8+CD45RO+ cells in vitro and again is
dependent on the nature of the stimulus and culture conditions (Fujii,
et al., 1992a). An intriguing in vivo observation was the demonstration
that certain individuals fail to lose expression of CD45RA on T cells
despite being able to upregulate expression of CD45RO (Schwinzer &
Wonigeit, 1990). Such individuals appear to be immunologically
competent. This suggests that loss of CD45RA is not an absolute
requirement for acquisition of memory. More recently it has been
shown that CD45RA+ cells from these variant individuals express both
the 220 and 205 forms. Following activation in vitro such cells lose the
220 form but fail to downregulate expression of the 205 form in
contrast to cells from normals (Schwinzer, etal., 1992). Statistical
analysis of the ratio of CD45RA+ to CD45RO+ cells in children and
data on the survival of CD45RA+ and CD45RO+ cells in adults
following irradiation strongly suggest that CD45RO+ cells can revert to
CD 45RA+ in vivo (Colin Michie and Peter Beverley, personal
communication).
So, altogether the case for GD45RA as a marker solely of naive
cells looks tenuous. We would postulate a model (figure 9.2) in which
exposure to antigen and T cell activation results in clonal expansion
and is accompanied by loss of CD45RA expression and conversion to
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Figure 9.2
Model of expression of CD45RA on CD4+ and CD8+ T cells
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a transient state of hyper-responsiveness. The concomitant rise in
expression of adhesion molecules and activation induced cytokine
production plus the subsequent ability to induce adhesion molecules
on endothelial cells and extra cellular matrix (Damie & Doyle, 1990;
Damie, et al., 1991; Matsuyama, et a!., 1989) would account for the
differential migratory patterns described for CD45RA+ and CD45RAcells in sheep and humans (Janossy, etal., 1989; Mackay, etal., 1992;
Mackay et al., 1990). In particular, CD45RO+ cells have been shown
to accumulate at sites of inflammation (e.g. (Maurer, etal., 1992;
Pitzalis, et al., 1988; Pitzalis, et al., 1991)). Whilst some of the cells
which become CD45RA' might be terminally differentiated effectors
which eventually die, a proportion revert to CD45RA+ and relative
quiescence. Thus the CD45RA+ pool of cells would contain naive
cells and expanded clones of antigen primed cells. Such a scheme
suggests that continued antigenic stimulation is responsible for
maintaining the mature T cell pool in adults. The data on stability of
the ratio of the CD45RA+ and CD45RA- subsets in mice and humans
over time suggests that the balance between cellular activation and
quiescence is tightly controlled in vivo. The role of antigen in
maintaining T cell memory in mice has been shown in a recent study
(Gray & Matzinger, 1991). The role of antigen stimulation maintaining
the peripheral T cell pool has also been put forward in a novel
hypothesis to explain the kinetics of effects of HIV infection on
GD4+CD45RA+ and CD4+CD45RO+ subsets (Helbert, et al., 1992).
Briefly, the authors suggest that the fundemental defect in HIV infection
is a failure of antigen presentation to CD4+ cells. As a result of
inadequate stimulation fewer CD45RA+ cells are activated to
proliferate and become CD45RO+ and hence this subset shrinks.
Consequently, this latter subset is unable to replenish the former
which in turn also shrinks and hence the sequential decline in CD4+
subsets.
Such a model of transient hyper-responsiveness is testable in
vitro. CD45RA+ cells could be driven into a CD45RO+ state by
polyclonal activation and then tested for their response to recall
antigens. Our model would predict that whilst undetectable in the
original CD45RA+ population, the presence of antigen primed cells
would be unmasked by conversion to the hyper-responsive state. The
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icing on the cake would be to determine the in vitro requirements
which would allow reversion to CD45RA expression whilst maintaining
detectable secondary responses. Such an experiment would also
clarify whether changing surface phenotype is always associated with
changing functional phenotype. For instance most studies have
suggested that loss of CD45RA is associated with acquisition of
cytokine gene expression associated with the CD45RO+ subset
(Kristensson, etal., 1992) whilst others have suggested that functional
differences in secretion of lymphokines are maintained (Ferrer, et a!.,
1992).
Our hypothesis could be tested in vivo by extending the studies in
transgenic mice either in experiments along the lines initiated in this
thesis or alternatively by determining the effects of expressing only the
low molecular weight form or only the high molecular weight forms
using gene knockout mice. Such mice would also provide an insight
into the molecular mechanisms responsible for the changes in
activation, in particular the contribution of CD45 itself. Since all the
isoforms have identical cytoplasmic tails and since the cytoplasmic tail
functions as a phosphotyrosine phosphatase, it is attractive to
speculate that it is the interaction of the different external domains with
different ligands which determines the activation fate of the cell. Only
one ligand has thus far been identified i.e CD22, an adhesion
molecule on B cells, for CD45RO on T cells (Stamenkovic, et al.,
1991).
The ligands may thus determine which cells the
CD4+CD45RA+ and CD4+CD45RA’ cells interact with and hence the
nature of costimuli and antigen presentation encountered at a
particular stage of the activation/ quiescence cycle. They may also
direct the traffic of cells. It has also been postulated that the different
isoforms differ in their ability to interact with other signalling molecules
on the same cell surface. Thus, in mice and humans, the low
molecular weight isoforms tend to complex with CD4 and the TCR
whilst the higher ones associate with LFA-1 but are independent of
GD4/8 and the TCR (Dianzani, etal., 1990; Dianzani, etal., 1992).
Such data shed some light on why it might be much easier to stimulate
a cell expressing the low molecular weight isoform rather than the high
molecular weight isoform, since in the former all the signalling
machinery necessary for initial activation is "ready to go".
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Furthermore, phosphotyrosine phosphatase activity has been shown
to be necessary for reversion of T lymphoblastic proliferation following
PHA activation (livanainen, etal., 1990). The relationship between
differential signalling on quiescent and hyper-responsive cells and
subsequent T cell activation remains to be elucidated.
Our data, together with that of others, suggest that we now have
to re-evaluate our concept of T cell memory. Much of what has been
considered representative of memory in the past must now be
regarded as representative of antigen activated and hyper-responsive.
What remains to be determined, and what may prove to be very
important in vivo particularly with respect to vaccination, is the
contribution of the "quiet" antigen primed CD45RA+ cells to the
maintenance of I cell memory.
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