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Preface

Scientific interest in regulatory T cells has revived during the last decade. Initially
described in the early seventies as suppressor T cells, the concept of suppressor/reg-
ulatory T cells went through turbulent times during the eighties when molecular
analysis failed to identify putative suppressor genes. The constructive and elegant
cellular experiments on regulatory T cells during the nineties, initiated by Shimon
Sakaguchi and co-workers, however has brought these cells back into the limelight.
Nowadays, regulatory T cells are regarded as essential components of the immune
system, and several different subsets of regulatory T cells have been described. An
important regulatory role has been attributed to the CD4*CD25* T cells. They act
by suppressing immune reactivity thereby maintaining or restoring the balance
between immunity and tolerance. The aim of this book is to bring together recent
developments and viewpoints in the field of CD4*CD25* regulatory T cells and to
discuss the potential use of regulatory T cells as target for immunotherapy of
inflammatory diseases.

By linking data on regulatory T cells from experimental models with recent find-
ings from the clinic, this topical book will be of interest to immunologists and other
biomedical researchers as well as clinicians that are interested in regulation and
manipulation of the immune response during (chronic) inflammatory disease.

October 2004 Leonie S. Taams

Arne N. Akbar
Marca H. M. Wauben
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History of CD25*CD4* regulatory T cells

Shimon Sakaguchi’?3 and Noriko Sakaguchi’-?

'Department of Experimental Pathology, Institute for Frontier Medical Sciences, Kyoto Uni-
versity, 53 Shogoin Kawahara-cho, Sakyo-ku , Kyoto 606-8507, Japan; 2Laboratory of
Immunopathology, Research Center for Allergy and Immunology, The Institute for Physical
and Chemical Research (RIKEN), Yokohama 230-0045, Japan; 3Core Research for Evolutional
Science and Technology (CREST), Science and Technology Agency of Japan, Kawaguchi 332-
0012, Japan

Introduction

It is still a key issue in immunology to understand how the immune system discrim-
inates between self and non-self, inhibiting autoimmune responses while allowing
effective immune responses to non-self antigens. In addition to physical elimination
of self-reactive T cells (clonal deletion) and their functional inactivation (clonal
anergy), there is now substantial evidence that T-cell-mediated suppression of self-
reactive T cells is also a key mechanism of immunologic self-tolerance [1-3].
Although the idea of T cells that negatively control immune responses is not a new
one, for a long time it was controversial whether they actually constituted a definite
cellular entity in the immune system [4]. In recent years, however, we have witnessed
resurgent interest in suppressor or regulatory T (Ty) cells in many fields of basic and
clinical immunology [5, 6]. This change is partly due to our new understanding that
the normal immune system endogenously produces as its normal cellular constituent
a T-cell subpopulation which is highly specified for suppressive function; abnor-
mality of this population in number or function can indeed be a cause of immuno-
logical diseases — in particular autoimmune disease — and this naturally occurring Ty
cell population can be exploited for induction of immunological tolerance (e.g.,
transplantation tolerance), negative control of pathological immune responses (e.g.,
allergy), and enhancement of host defense (e.g. tumor immunity and microbial
immunity) [5]. In addition to these endogenous Ty cells, there are other types of Ty
cell that can be induced by specific methods of antigenic stimulation iz vivo or in
vivo [7, 8]. In this chapter, we shall provide a brief historical sketch of how endoge-
nous Ty cells were recognized and characterized, and discuss their roles in immuno-
logic tolerance and immunoregulation.

Regulatory T Cells in Inflammation, edited by Leonie S. Taams, Arne N. Akbar and
Marca H.M. Wauben
© 2005 Birkhduser Verlag Basel/Switzerland 3
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A historical note on suppressor or regulatory T cells

In 1970, Gershon and Kondo [9] made the seminal finding that T cells not only
enhance but also dampen immune responses and that this down-regulation is medi-
ated by T cells that are different from helper T cells. This T-cell population, called
suppressor T cells, was intensively studied over the following years in various fields
of immunology. The studies showed several types of suppressor T cell interacting in
a cascade; some were antigen-specific and others were non-specific; some secreted
antigen-specific suppressive factors and others non-specific ones. The phenotype of
suppressor T cells was on the most part shown to be Lyt-1~ Lyt-2, 3*, correspond-
ing to CD8*, and they expressed the I-] molecule, which was supposed to be a key
suppressor molecule intimately associated with their suppressive function [10]. The
research, however, quite abruptly collapsed in the mid-1980s when scrutiny of the
mouse MHC gene by molecular biology techniques showed no existence of the I-]
region, which was assumed to encode the I-] molecule and locate within the MHC
gene complex [11]. With this bewildering I-] episode as a turning point, immunolo-
gists’ interest in suppressor T cells rapidly waned [4]. There are several reasons for
this decline: e.g. failure in finding reliable markers for distinguishing suppressor T
cells from other T cells, ambiguity in the molecular basis of suppression, and diffi-
culty in preparing antigen-specific suppressor T-cell clones amenable to fine cellular
and molecular analyses. In addition, approaches to immunologic tolerance with reli-
able molecular tools, such as T-cell receptor (TCR)-specific monoclonal antibodies
and transgenic mice, in the late 1980s to the early 1990s unequivocally demon-
strated clonal deletion, and also anergy, as key mechanisms of immunologic toler-
ance [12-14]. Molecular characterization of cytokines clearly revealed pleiotropism,
cross-regulation, and redundancy in their function [15]. Collectively these findings
generated a climate in which suppressor T cells played little meaningful part in
immunologic tolerance. There were even doubts about suppressor T cells as a dis-
tinct cellular entity when suppressive phenomena were explicable by T cells secret-
ing particular cytokines. Indeed, interleukin (IL)-10-secreting T cells produced in
vitro by antigenic stimulation of T cells in the presence of IL-10- or transforming
growth factor (TGF)-B-secreting T cells propagated from animals in oral tolerance
did not encounter much resistance to being accepted by immunologists in the 1990s
[7, 8].

In parallel with the suppressor T-cell research depicted above, there has been
a different stream of study on T-cell-mediated suppression. A notable feature of
the latter is that it examined from the beginning how the manipulation of the T-
cell immune system breaks natural immunologic self-tolerance and causes
autoimmune disease, rather than studying experimental immunologic tolerance
induced by specific ways of antigen administration [1]. Nishizuka and Sakakura
[16] showed in 1969 that neonatal thymectomy (NTx) of normal mice between
day 2 and 4 after birth led to the destruction of ovaries, which was first supposed
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Figure 1

Induction of autoimmune disease by depleting natural Tg cells.

(A) Induction of autoimmune disease in animals by manipulating thymus/T cells. See text
for details. Tx, thymectomy. (B). Ontogeny of autoimmune-preventive natural Ty cells. The
normal thymus may start to release natural Tg cells around day 3 after birth. NTx on day 3,
therefore, abrogates ontogenic development of natural Ty cells in the periphery, allowing
self-reactive T cells that have migrated to the periphery before NTx to become activated and
cause autoimmune disease.

to be due to deficiency of a certain ovary-tropic hormone secreted by the thymus,
and hence was called “ovarian dysgenesis”. This ovarian lesion later turned out
to be of an autoimmune nature because subsequent investigation demonstrated
that NTx also produced inflammatory tissue damage in other organs accompa-
nying the appearance of tissue-specific autoantibodies in the circulation; e.g. thy-
roiditis, gastritis, orchitis, prostatitis, and sialadenitis of the salivary gland [17]
(Fig. 1A). In 1973, Penhale et al. [18] reported that adult thymectomy (ATx) of
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rats followed by four sublethal doses of X-irradiation (2-2.5 Gray) every 2
weeks resulted in the development of autoimmune thyroiditis accompanied by
anti-thyroglobulin autoantibodies [18]. They and others later showed that the
same protocol can produce type 1 diabetes in other strains of rats [19, 20] (Fig.
1A).

A common element between autoimmune disease induction by NTx and by
ATx and X-irradiation is thymectomy. A simple interpretation of how these treat-
ments cause autoimmune disease would be that the normal thymus is producing a
population of T cells having autoimmune-preventive activity; NTx shortly after
birth may abrogate developmentally determined thymic production of autoim-
mune-preventive T cells, allowing those self-reactive T cells that have been pro-
duced before NTx to become activated and cause autoimmune disease because of
the paucity of regulatory T cells in the periphery (Fig. 1B); likewise, ATx and X-
irradiations may abrogate the thymic supply of regulatory T cells and reduce reg-
ulatory T cells in the periphery presumably because they may be relatively
radiosensitive (see below). Supporting this notion, inoculation of normal T cells,
especially CD4+ T cells, to the treated mice or rats indeed prevented the develop-
ment of autoimmune diseases [21, 22]. On the other hand, as in other experimen-
tal autoimmune diseases, CD4* helper T cells mediate these autoimmune diseases
as helper T cells for autoantibody formation and effectors of cell-mediated
immune destruction of the target organs/tissues [23, 24]. These findings led to the
idea that there may exist two types of CD4* T cell in the normal immune system:
one potentially capable of mediating autoimmune disease, the other dominantly
suppressing it [25] (Fig. 1B).

Thymus-produced natural CD25+*CD4* Ty, cells
The phenotype and function of natural CD4+ Ty cells

The key issue was then to know how these two populations can be dissected out or
differentiated from each other if they co-exist in the normal immune system, and to
determine whether specific removal of the autoimmune-preventive CD4* T-cell pop-
ulation can break self-tolerance and cause autoimmune disease in otherwise normal
animals. Attempts were made to separate the CD4* T-cell population in normal
naive mice into an autoimmune-inducing and an autoimmune-preventive popula-
tion by the expression levels of cell-surface molecules [25-31] (Fig. 2). Our experi-
ments showed in 1985 that, when splenic cell suspensions from normal BALB/c mice
were depleted of CD5M8hCD4+ T cells ex vivo (by in vitro treatment of the cell sus-
pensions with a mixture of anti-CD8 and anti-CDS$ antibodies and complement)
and the remaining cells transferred to congenitally T-cell-deficient BALB/c athymic
nude mice, the nude mice spontaneously developed autoimmune disease in multiple
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Figure 2

Induction of autoimmune disease by depleting Foxp3*CD25"CD4" T cells.
Thymus-derived natural CD25*CD4* Ty cells, which specifically express Foxp3, control T
cells that mediate autoimmune disease, IBD, and allergy. Genetic defects of Foxp3 cause
these immunological diseases by impairing the development or function of CD25*CD4" Ty
cells. M®, macrophage.
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organs (stomach, thyroid, ovaries, or testes) a few months after cell transfer [25].
Co-transfer of normal untreated CD4* T cells with CD5'°VCD4* T cells inhibited
the autoimmunity. Likewise, transfer of CD5°CD4* T cells from normal C3H mice
to T-cell-depleted C3H mice produced autoimmune thyroiditis [26]. Powrie and
Mason [28] subsequently reconstituted PVG athymic nude rats with splenic T cells
depleted of CD45RClWCD4+* T cells, showing that the transferred CD4SRChigh
CD4* T cells elicited graft-versus-host-disease-like systemic disease and autoimmune
tissue damage in multiple organs including thyroid and islets of Langerhans. Mc-
Keever et al. [29] similarly showed that transfer of spleen cell suspensions depleted
of RT6.1* T cells was able to produce type 1 diabetes mellitus and thyroiditis in his-
tocompatible athymic nude rats. Powrie et al. [32] and Morrisey et al. [33] then
independently showed that transfer of BALB/c CD45RBh"&"CD4+ T cells to T-B-cell-
deficient BALB/c SCID mice induced inflammatory bowel disease (IBD). These find-
ings prompted us to search for a cell-surface molecule which would be more specif-
ic than CD5 or CD45RB in defining such autoimmunity/inflammation-preventive
CD4* T cells. In 1995, the CD25 molecule (the IL-2 receptor a-chain) was found as
a candidate since CD25* T cells, which constitute 5-10% of peripheral CD4* T cells
and less than 1% of peripheral CD8* T cells in normal naive mice, are contained in
the CDS5M8h and CD45RB!Y fraction of CD4* T cells [30, 31]. Transfer of BALB/c
splenic cell suspensions depleted of CD25*CD4* T cells indeed produced in BALB/c
athymic nude mice histologically and serologically evident autoimmune diseases at
higher incidences and in a wider spectrum of organs (including stomach, thyroid,
ovaries, adrenal glands, and islets of Langerhans) than the transfer of CD5"Y or
CD45RBhigh T cells prepared from the same number of splenic cell suspensions. Co-
transfer of a small number of CD25*CD4* T cells with CD25~ T cells inhibited the
autoimmunity. Furthermore, transfer of CD25-CD4* T cells alone sufficed to medi-
ate the autoimmune disease by giving rise to CD4* helper T cells for humoral and
cell-mediated autoimmunity, although the presence of CD25-CD8* T cells also
enhanced the autoimmune induction, presumably as a source of self-reactive cyto-
toxic T lymphocytes. Importantly, these experiments showed that removal of
CD25*CD4* T cells not only elicited autoimmune disease but also enhanced
immune responses to non-self antigens including soluble proteins and allografts
[30].

Subsequent in vitro characterization of CD25*CD4* T cells in normal mice con-
firmed the CD25 molecule as a highly specific marker for natural Ty cells:
CD25+*CD4* T cells are hyporesponsive to TCR stimulation but, upon stimulation,
potently suppress the activation and proliferation of other T cells iz vitro; this prop-
erty was confined to the CD25* fraction of normal CD4* T cells [34-36]. Their
TCR repertoire is as broad as other T cells but appears to have higher affinity for
self-peptide/MHC ligands selecting them in the thymus; i.e., they are more self-reac-
tive than other T cells but capable of recognizing a broad spectrum of self and non-
self antigens [34, 37, 38]. Unlike in vitro, CD25*CD4* Ty cells in the in vivo physi-
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ological state are more vigorously proliferating than CD25-CD4* T cells, presum-
ably by recognizing self-antigens [38, 39]. This may explain why CD25*CD4* Ty
cells are radiosensitive [18, 40].

Thymic production of natural CD25*CD4* T, cells

The above findings, such as the ability of NTx to cause autoimmune disease,
requirement of ATx for autoimmune induction by radiation-induced autoimmune
disease, and the activity of normal CD4+*CD8-~ thymocytes to prevent autoimmune
disease in NTx mice, all indicate that the normal thymus produces CD4* regulato-
ry T cells. As a direct demonstration of this, transfer of CD4*CD8~ mature thymo-
cyte suspensions depleted of CD25* thymocytes produced various autoimmune dis-
eases in syngeneic nude mice, as shown with the transfer of CD25-CD4+* spleen cells
[41]. Thus, the normal thymus is continuously producing both pathogenic self-reac-
tive CD4* T cells and functionally mature CD25*CD4* Ty cells, and CD25*CD4+*
Ty cells in the thymus and the periphery may constitute a distinct cellular lineage
(Fig. 2). Indeed, as discussed below, both CD25+*CD4*CD8~ thymocytes and
CD25*CD4* T cells express Foxp3, a Tg-cell-specific transcription factor, and
Foxp3 deficiency abrogates the development of both populations [42-44]. In addi-
tion, both populations are functionally and phenotypically similar; for example,
both are naturally anergic to in vitro TCR stimulation, exhibiting an equivalent in
vitro suppressive activity, and constitutively expressing CTLA-4 and a high level of
GITR (glucocorticoid-induced tumor necrosis factor (TNF) receptor-related protein)
[45-49].

Ontogeny of natural CD25*CD4+ Ty cells

Ontogeny of CD25*CD4* T cells also correlates well with that of natural Ty
cells. CD25*CD4* T cells become detectable in the periphery of normal mice
from around day 3 after birth, rapidly increasing to the adult level (i.e. 5-10%
of CD4* T cells) in 3 weeks [31]. NTx on day 3 substantially reduces peripheral
CD25*CD4* T cells; and the inoculation of CD25*CD4* T cells from normal
mice prevents the autoimmune development in NTx mice [31]. These results col-
lectively indicate that the ontogenic time course of the thymic production and the
peripheral migration of CD25*CD4+ Ty cells is developmentally determined (i.e.
around day 3 after birth in mice); the abrogation of the thymic production of
natural Ty cells from the very beginning of their ontogeny, therefore, results in
their selective paucity in the periphery, leading to the activation of self-reactive T
cells that have migrated to the periphery before NTx, producing autoimmune
disease.
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The role of IL-2 and CD25 for natural Ty cells

As discussed above, CD25 was found to be a good marker for operationally distin-
guishing endogenous Ty cells from other T cells in normal naive animals. The fol-
lowing findings indicate that CD25 is also an indispensable molecule for the gener-
ation and maintenance of natural Ty cells. IL-2-deficient mice bear few CD25*CD4*
T cells, and spontaneously develop severe autoimmunity, although they develop a
normal number of other T cells with a normal composition of CD4/CD8 subsets
[50, 51]. CD25-deficient or CD122 (the IL-2 receptor -chain)-deficient mice are
also afflicted with similar autoimmunity [52-54]. Besides, in vivo neutralization of
IL-2 by administration of anti-IL-2 monoclonal antibody substantially reduced
CD25+*CD4* T cells, but not other T cells, in normal mice and consequently pro-
duced autoimmune disease [55], and R. Setoguchi et al., unpublished observations).
Taken together, CD25 as a component of the high-affinity IL-2 receptor is a key
functional molecule for natural CD4* Ty cells; IL-2 is a key growth/survival factor
for them; and its expression, high-level expression in particular, is an excellent
marker for natural CD4* Ty cells in mice and humans [36, 56].

Summary

To summarize, these findings on natural CD25*CD4* Ty cells lead to the following
notions (Fig. 2B). First, despite thymic negative selection, the normal immune sys-
tem still harbors self-reactive T cells (CD4* T cells in particular) that are sufficient-
ly pathogenic in TCR specificity and affinity to mediate various autoimmune dis-
eases similar in immunopathology to their human counterparts, such as autoim-
mune gastritis/pernicious anemia, premature ovarian failure with autoimmune
oophoritis, Hashimoto’s thyroiditis, adrenalitis/Adison’s disease, and insulitis/type 1
diabetes. Second, the activation/expansion of such self-reactive T cells is normally
kept in check by a regulatory CD4* T-cell population, many if not all of which phys-
iologically express CD25. Third, the normal thymus is continuously producing
them, which is another key function of the thymus in self-tolerance, in addition to
its role in positive and negative selection of T cells. Furthermore, elimination of this
CD25*CD4* regulatory population alone, without manipulating the target self-anti-
gens, suffices to break natural self-tolerance and elicit chronic and destructive
autoimmune diseases. The appearance of various disease-specific autoantibodies in
the Ty-cell-depleted animals implies that the breakdown of this mode of T-cell self-
tolerance and development of autoimmune CD4* helper T cells result in the break-
down of B-cell self-tolerance as well. Thus, one aspect of natural self-tolerance in T
cells, and for that matter in B cells, is maintained by a regulatory subpopulation of
CD4* T cells. Furthermore, such naturally present Ty cells also engage in the con-
trol of immune responses to non-self antigens as well.
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IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked
syndrome) as evidence for the key role of CD25*CD4* natural Ty cells in
natural self-tolerance in humans

The finding that thymectomy during a critical neonatal period induces autoimmune
disease suggests that the generation of CD4* Ty cells may be developmentally con-
trolled. Attempts were therefore made to produce autoimmune disease by geneti-
cally altering the normal developmental course of natural Ty cells [57]. An impor-
tant clue to this developmental control of natural Ty cells came from the human dis-
ease called IPEX. IPEX was described in 1982 as an X-linked immunodeficiency
syndrome associated with autoimmune disease in multiple endocrine organs (such
as type 1 diabetes and thyroiditis), IBD, atopic dermatitis, and fatal infections [58].
The Scurfy strain of mice is an X-linked recessive mutant with lethality in hemizy-
gous males within a month after birth, exhibiting hyperactivation of CD4* T cells
and overproduction of proinflammatory cytokines [59]. The gene defective in Scurfy
mice was identified and designated Foxp3, which encodes Scurfin, a new member of
the forkhead/winged-helix family of transcription factors [60]. Subsequently, muta-
tions of the human gene FOXP3, the ortholog of murine Foxp3, were found to be
the cause of IPEX [61-63].

Recent studies have revealed the specific role of Foxp3 in the development and
function of natural CD25+*CD4* Ty cells [42-44]. CD25*CD4* peripheral T cells
and CD25+*CD4+*CD8- thymocytes predominantly expressed Foxp3 mRNA,
whereas other thymocytes/T cells and B cells did not. Importantly, activation of
CD25-CD4+* T cells, Th1 cells or Th2 cells failed to induce Foxp3 expression [42,
43]. Furthermore, retroviral transduction of Foxp3 to CD25-CD4* T cells con-
verted them into CD25*CD4+ Ty-like cells with respect to phenotype and func-
tion [42, 43]. For example, Foxp3 transduction induced expression of CD23,
CTLA-4, and GITR, which are closely associated with the functions of natural Ty
cells [42]. Foxp3-transduced CD25-CD4* T cells were able to suppress prolifera-
tion of other T cells i1 vitro and the development of autoimmune disease and IBD
in vivo [42]. Furthermore, in bone-marrow (BM) chimeric mice with a mixture of
BM cells from wild-type and Foxp3-deficient mice, Foxp3-deficient BM cells
failed to give rise to CD25*CD4* T cells, while Foxp3-intact BM cells generated
them [43], indicating an essential role of Foxp3 for the development of
CD25+*CD4* Ty cells.

Thus, Foxp3/FOXP3 appears to be a master control gene for the development
and function of natural CD25+*CD4+* Ty cells (Fig. 2B). Given that humans bear nat-
ural CD25*CD4* Ty cells with a common phenotype and function to those found
in rodents [64], it is most likely in IPEX that disruption of the FOXP3 gene abro-
gates the development of the Ty cells, leading to hyperactivation of T cells reactive
with self-antigens, commensal bacteria in the intestine, or innocuous environmental
substances, thus causing autoimmune polyendocrinopathy, IBD, and allergy, respec-
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tively. This has several implications for self-tolerance and autoimmune/inflammato-
ry disease in humans. First, thus far this is the clearest example that abnormality in
naturally arising CD25*CD4* Ty, cells is a primary cause of human autoimmune dis-
ease and for that matter IBD and allergy. Second, the development of natural Ty
cells is, at least in part, genetically and developmentally programmed, indicating
that autoimmunity is in part a primary T-cell immunodeficiency. Third, females with
hemizygous defects of the FOXP3 gene illustrate that the mechanism of dominant
self-tolerance is operating physiologically in humans. Because of random inactiva-
tion of the X chromosome (Lyonization) in individual Ty cells, some hemizygous
females have a similar number of FOXP3-defective Ty cells and FOXP3-normal
ones as a mosaic, but they are completely normal and do not show intermediate
phenotypes [65]. This means that the normal Ty cells dominantly control self-reac-
tive T cells in the presence of defective Ty cells. It also indicates that a partial recon-
stitution of IPEX patients with normal Ty cells (for example by BM transplantation)
or FOXP3-transduced autologous T cells may suffice to control the disease domi-
nantly.

Conclusion and perspective

A prominent feature of CD25*CD4* Ty cells is that the majority, if not all, of them
are endogenously produced by the normal thymus as a functionally distinct and
mature subpopulation of T cells and persist in the periphery with stable function,
and that their generation is, at least in part, developmentally controlled. Congen-
ital deficiency of this population as in IPEX, therefore, results in serious impair-
ment of self-tolerance and immunoregulation, leading to severe autoimmunity and
allergy. Furthermore, as illustrated by IPEX, any genetic abnormality or environ-
mental insult can be a cause or a predisposing factor of autoimmune disease if it
would tip the balance between natural CD25*CD4* Ty cells and self-reactive T
cells towards the dominance of the latter [66]. On the other hand, their natural
presence in the immune system as a phenotypically distinct population makes it a
good target for designing ways to treat or prevent immunological diseases and to
control pathological as well as physiological immune responses. In addition to this
naturally arising “professional” Ty cell population there are several other types of
Ty cell that can be induced from naive T cells by antigenic stimulation under spe-
cialized conditions in the periphery. Although physiological roles for these
inducible or “adaptive” Ty cells need to be fully established, they can still be
exploited as a therapeutic tool. Furthermore, suppressive phenomena intensively
studied in the 1970s and early 1980s can be re-interpreted from the vantage point
of the present.
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