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INTRODUCTION

Intrathymic deletion of thymocytes with high af®nity for self

antigen cells plays a crucial role in contracting the autoreactive

T-cell repertoire. However, this is manifestly an incomplete

process. Not all self proteins are effectively presented in the

thymus, including those that are expressed well after the bulk of

the T-cell repertoire has been formed, and it is relatively easy

to detect autoreactive T cells following immunization with self

antigens. For this reason mechanisms of regulating peripheral

T cells with unwanted speci®city are crucial to survival. There

are several mechanisms of peripheral T-cell unresponsiveness

including ignorance, deletion by apoptosis, and cytokine-

mediated regulation. The topic of this review is a further

mechanism, T-cell anergy. Data will be highlighted, which

suggests that the induction of T-cell anergy is an important

contributor to peripheral T-cell tolerance, and that anergic

T-cells are not passive, but may play an important role as

regulatory cells.

DEFINITIONS

The term anergy was coined by Nossal and Pick in 19801 to

describe the unresponsive state that was induced in B cells

following the injection of soluble proteins in vivo. They

observed that the antigen-speci®c B cells were present, but

were refractory to subsequent activation by antigen or mitogen.

The ®rst observations of antigen-induced T-cell proliferative

unresponsiveness were made with human T cell clones

following culture with antigen in the absence of added

antigen-presenting cells (APC).2 Since that time the term

anergy has been used to describe a variety of forms of

unresponsiveness, induced in a variety of ways, and mediated

by diverse mechanisms. This has led to some confusion, and

scepticism as to whether anergy was a useful or informative

term.

The de®nition of anergy that we favour is the following: a

state of long-lasting, partial or total unresponsiveness induced by

partial activation. This excludes unresponsiveness due to

`blindness' or `partial sightedness' resulting from temporary

T-cell receptor (TCR) modulation, and the refractory state that

can be seen when T cells are prematurely exposed to activating

stimuli too soon after their last antigen encounter. The large

majority of reports of anergy have described the inhibition of

interleukin-2 (IL-2) secretion by T cells that are normally

capable of secreting IL-2 upon activation. However, anergy has

also been described in T helper 2 (Th2) cells, in which the

secretion of the key signature cytokine IL-4 is unaffected, but

the ability of the T cells to proliferate in response to IL-4 is

inhibited.3 The common theme in these examples is that

anergy refers to the inability of T cells to produce or respond

to proliferative signals. It is important to note that the

unresponsiveness is often partial. This is well illustrated by

the observations that Th0 cells continue to secrete IL-4 after

the induction of anergy4 and T cells with the capability of

secreting IL-2 and mediating cytotoxicity retain their cyto-

toxic potential after being rendered anergic even though IL-2

secretion is shut down.5

Having attempted to provide a universal de®nition of

anergy, it may well be that different `levels' of anergy exist.6

This is illustrated by the ®nding that anergy can sometimes be

reversed by culture in exogenous IL-2, leading to several

rounds of cell division,7 while in other systems this has been

found not to be the case.8 These differences are likely to be

explained by differences in the state of activation of the starting

T-cell populations, and by differences in the partial activation

signals that were used to induce anergy. As the intracellular

signalling events that accompany anergy become better

de®ned, as discussed below, it may be possible to explain these

differences.

MECHANISMS OF ANERGY INDUCTION IN VITRO

There are at least four distinct sets of circumstances that have

been observed to induce T-cell anergy in vitro; these are

represented schematically in Fig. 1, and will be discussed in

turn.

TCR ligation in the absence of full costimulation

This is the most extensively studied set of conditions that lead

to T cell unresponsiveness. The ®rst observations of this kind

were made in the arti®cial, but very precisely de®ned, system

of Quill and Schwartz9 using arti®cial lipid bilayers, coated

onto glass coverslips, and impregnated with H2-Ek molecules
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together with the appropriate peptide of pigeon cytochrome c.

Exposure of T-cell clones speci®c for this peptide±major

histocompatibility complex (MHC) to the impregnated planar

membranes not only failed to induce proliferation, but rendered

the T cells refractory to further stimulation in response to fully

competent APC. In other words they had been rendered

`anergic'. At the time, the nature of the missing `costimulatory'

molecules was completely unknown, however, the identity of

one of the key molecules was established four years later when

B7 (CD80) was cloned10 and found to ligate the T-cell surface

molecule CD28.11 De®nition of this major costimulatory

pathway spawned an era of experimentation in vitro and

in vivo during which the consequences and exploitability of

costimulation-de®cient antigen presentation were explored.

This era has extended up to the present day, in that some of

the ®rst clinical trials of costimulatory blockade in the context

of autoimmune disease and transplantation are currently

taking place.12 The generation of a fusion protein, CTLA4-

immunoglobulin, composed of the second receptor for B7

molecules on T cells, namely cytotoxic T-lymphocyte antigen

4 (CTLA-4 function is discussed later), fused to the Fc portion

of immunoglobulin, facilitated many of these experiments.

Most of the observations of anergy in response to TCR

ligation in the absence of full costimulation have involved

established mouse or human T-cell clones.13 In contrast, naõÈve

T cells appear not to be susceptible to the induction of anergy

under most of these conditions in vitro.14±16 However, several of

the descriptions of anergy in vivo have involved the injection of

bacterial superantigens, as discussed in detail below, implying

that naiÈve T cells can be rendered unresponsive in this way.

Exposure to peptide partial agonists

In the process of screening peptides for those with improved

binding characteristics to MHC molecules, Sette and colleagues

discovered that some analogues, usually differing by a single

amino acid from the parent peptide, acted as antagonists.17

These antagonists induced no detectable signalling to the T cell,

and had no effect on subsequent T cell reactivity. Soon after

this, Sloan-Lancaster and colleagues described amino acid-

substituted peptide variants that not only failed to induce T-cell

proliferation, but that induced T-cell anergy.18 In contrast with

the ®rst conditions that were discovered to induce anergy, the

effect of these peptide partial agonists was observed even when

the APC provided full costimulation. Similar observations were

made by Germain and colleagues using transfectants expres-

sing amino acid-substituted MHC class II molecules as APC.19

As the nature of TCR±CD3-transduced signals was elucidated

it became clear that these altered peptide ligands (APL), or

altered MHC molecules, induced a characteristic pattern of

early signalling events, suggestive of partial activation.20,21 This

will be discussed further, below.

There has been considerable interest in the possibility that

APL could be used therapeutically.22 However their potential is
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Figure 1. The different circumstances that have been observed to induce T-cell anergy in vitro are illustrated.
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limited by the fact that a peptide that acts as an APL for one T-

cell clone/TCR may well be an agonist or entirely neutral for

other clones with the same antigen speci®city. Therapeutic use

of APL in autoimmune disease or in transplantation would

require therefore that the T cell affected by the APL could

regulate other T cells with the same autoantigen or alloantigen

speci®city. The ®nding that certain viral escape mutants encode

APL, in place of a CTL epitope may be taken to indicate the

potential of this approach.23,24

Full signalling without IL-2 receptor-driven cell division

The importance of cell division in the maintenance of T-cell

reactivity was demonstrated by experiments in which mouse T-

cell clones were cultured with costimulation-positive antigen-

pulsed APC, but were prevented from dividing by the addition

of anti-IL-2 and anti-IL-2 receptor (IL-2R) antibodies.25 This

observation could be explained in two ways. First, it could

be that cell division is necessary to avoid unresponsiveness.

This would be consistent with the suggestion that inhibitors

of activation, `anergy proteins', are invariably generated in

the context of T-cell activation, but that the T cell escapes

from their inhibitory effects by the dilution that results from

division. A second possible explanation for the anti-IL-2/R

result is that IL-2R signalling is itself important in maintain-

ing T-cell responsiveness. These possibilities have recently

been addressed using a drug, rapamycin, that blocks IL-2R

signalling and prevents transition from G1 to S phase of the cell

cycle. T cells were cultured with immobilized anti-CD3 and

anti-CD28 in the presence or absence of rapamycin. Despite

TCR/CD3- and CD28-mediated signals the cells cultured in the

presence of rapamycin became anergic.26 The additional

®nding in this study was that cell cycle arrest by addition of

hydroxyurea did not have the same effect. This suggests that

IL-2R-mediated signals, independent of the induction of G1

to S phase transition prevent the induction of anergy.

TCR ligation in the presence of IL-10

IL-10 is clearly an important regulatory cytokine, and has been

implicated in some models of transferrable T-cell tolerance.

The ®rst connection between T cell anergy and IL-10 was made

by Groux et al.8 who noted that stimulation of human CD4+

T cells in the presence of IL-10 induced a state of profound

unresponsiveness, that could not be reversed with IL-2. These

®ndings may be explained by later observation that stimulation

of T cells in the presence of IL-10 favoured the emergence of

IL-10-secreting T cells. Such cells have regulatory properties,

and have been labelled as T regulatory (Tr) cells.27 In

retrospect, the description of the IL-10 effect could be

re-interpreted as `immune deviation' rather than as the

induction of anergy. However, as will be argued below, a

spectrum of non-responsive T cells appears to exist, and the

distinction between anergy and immune deviation may be

semantic.

T±T antigen presentation

The earliest observations of T-cell anergy arose from the

culture of human T-cell clones with antigen in the absence of

APC, as described above.2,28 Initially this was thought to

require high antigen concentrations, however, it was subse-

quently shown to occur in the presence of the same antigen

concentration that induced optimal proliferation when

presented by professional APC.29 This is an anomalous

®nding, in that activated human T cells, as used in these

experiments, not only express high levels of MHC class II

molecules, but also high levels of B7 family molecules.30±32 The

molecular mechanisms responsible for this form of anergy

remain to be adequately explained, although some information

is available which suggests that TCR±CD3 signalling is altered

in some way.33 The possibility that CTLA-4 (CD152) ligation

contributes to the effects of T±T interactions has not been

fully explored; given that CD152 signalling can alter CD3-

transduced signals,34 this is a reasonable candidate explana-

tion for this unusual form of anergy.

Role of CTLA-4 in the induction of anergy

It was discovered in 1991 that the long known T-cell activation

antigen, CD152, was a second ligand for the B7 family of

molecules.35 It was soon apparent that CD152 had a negative

regulatory role, with almost opposite effects to CD28.36,37 The

most startling results were from mice in which the CD152-en-

coding gene was inactivated. These mice died at approximately

3 weeks of age with overwhelming lymphocyte accumula-

tion.38,39

The involvement of CD152 in anergy induction was ®rst

suggested by experiments in DO11.10 TCR-transgenic mice.40

It was noted that injection of soluble ovalbumin, the antigen

for which the transgenic T cells were speci®c, induced a cohort

of unresponsive cells. If anti-CD152 antibody was coinjected

with the ovalbumin, the induction of anergy was prevented.

Later, Walunas and Bluestone also showed that CD152

blockade prevents SEB-induced T-cell anergy in vivo.41

CD152±B7 interactions also appear to in¯uence the develop-

ment of transplantation tolerance. Administration of anti-

CD152 monoclonal antibody (mAb) to murine recipients

of skin allografts completely reversed the tolerance induced

by thymectomy, anti-CD154 (CD40L) antibody and donor-

speci®c blood transfusion (DST).42 Similar ®ndings were

reported in a mouse heart graft model in which long-term

graft acceptance was achieved by recipient pretreatment

with DST in conjunction with CTLA-4-immunoglobulin;

administration of anti-CD152 at the time of transplantation

signi®cantly reduced graft survival time.43 Whether anti-

CD152 mAb in these models is inhibiting the induction of

anergy, deletion, or the emergence of regulatory cells has yet

to be determined.

Contradictory results have also been reported. In a nasal

tolerance model anti-CD152 did not reverse the antigen-

induced unresponsiveness; however, it is not clear that the

mechanism of unresponsiveness was T-cell anergy.44 In an in

vitro system Frauwirth observed that CD8 T cells from

CD152-de®cient mice were equally susceptible to the induction

of anergy by anti-CD3 antibody.45

Relationship between anergy and apoptosis

Until recently the majority view was that anergy was

functionally equivalent to a cell's `last gasp' before admitting

defeat and dying by apoptosis. Because it was possible, in vitro
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at least, to maintain cells in this `preterminal' state, the anergic

cell could be studied in detail. Although there is clear overlap

between anergy and apoptosis it is now clear that they are

distinct outcomes of partial activation of a T cell. This was

investigated using human T-cell clones rendered unresponsive

following T±T peptide presentation, as described above.46

Some clones emerged from these cultures live but unresponsive,

i.e. anergic, while other clones underwent apoptosis such

that only 10% of T cells survived. The distinction between

these two patterns of response appeared to be determined

by sensitivity to Fas-mediated death, in that addition of

a neutralizing anti-Fas antibody to the apoptosis-prone

clone rescued it from death. Interestingly, the rescued

clone was then found to be profoundly anergic. The molecular

basis for the difference between these sets of clones was not

de®ned.

Similar ®ndings have been observed using anti-CD3 mAb

stimulation of naiÈve murine T cells, in the absence of APC.47

Culture of naiÈve T cells with immobilized anti-CD3 antibody is

commonly associated with apoptotic death in approximately

40% of T cells; the surviving T cells emerge with a classically

anergic phenotype, being hyper-responsive to exogenous IL-2,

but unable to undergo autocrine proliferation in response to

full activation stimuli. The difference between the 40% that

undergo apoptosis and the remainder that do not is unclear.

Similar ®ndings were reported by Frauwirth who noted that

T cells from mice transgenic for Bcl-xL under the lck promoter

were equally susceptible to the induction of anergy by anti-

CD3 antibody.45

EVIDENCE FOR T-CELL ANERGY IN VIVO

As mentioned above, for several years after the in vitro

phenomenon of T-cell anergy was ®rst described, the majority

view was that anergy represented an in vitro artefact, and that

anergy was merely a step on the road to death.48 This would

appear to be a correct interpretation of anergy in B cells, the

cell type in which this phenomenon was ®rst described. Using

anti-hen egg lysozyme (HEL) immunoglobulin gene-transgenic

mice crossed with HEL-transgenic mice, the life span of anergic

B cells has been estimated to be a few hours, justifying the view

that B-cell anergy is a preterminal state.49 However, this does

not appear to be the case for T cells. Numerous studies have

described the persistence of anergic T cells, in vivo, for

prolonged periods after the injection of the antigen that was

responsible for inducing anergy.

The ®rst description of in vivo T-cell anergy arose from

the study of mice transgenic for an H2-E alloantigen under

the rat insulin promoter.50 The T cells from these mice were

hyporesponsive to the transgene-encoded H2-E when chal-

lenged in vitro. Arnold and colleagues have made extensive use

of transgenic mice in which the Kb alloantigen is targeted to

a variety of peripheral sites using tissue-speci®c promoters.

Reactivity to Kb in these mice was always inhibited; the

mechanism of the hyporesponsiveness was determined by the

site and level of expression of the Kb molecule. In some cases

TCR or CD8 expression was downregulated, in others anergy

appeared to be the mechanism.51,52

Many of the in vivo studies have involved the injection of

bacterial or Mls (subsequently shown to be murine mammary

tumour virus proteins) superantigens (SAg) which enable T cells

expressing particular TCR Vb families to be examined for

function without further in vitro manipulation.53±55 In most of

these experiments, SAg injection led to a wave of T-cell death,

followed by the persistence of T cells expressing the relevant

TCR Vb segment but unable to respond to antigenic challenge

in vitro, resembling the results obtained with anti-CD3

antibody treatment in vitro. One feature of the anergy induced

in vivo that differs from that induced in vitro was that the

anergic T cells were unresponsive to exogenous IL-2, even if

they expressed the IL-2 receptor.

The advent of TCR-transgenic mice has enabled similar

questions to be addressed using conventional antigen. Two

studies have detected anergy in CD8+ TCR-transgenic

T cells.56,57 Subsequent experiments were performed with

CD4+ TCR transgenic T cells. Lanoue and colleagues studied

mice transgenic for a TCR with speci®city for a peptide of

in¯uenza haemagglutinin.58 It proved to be very dif®cult to

induce unresponsiveness in the transgenic T cells, in situ, in the

transgenic mouse. This was only achieved after partial T-cell

depletion and repeated injections of antigen. However, in

double transgenic mice, generated by crossing the TCR-

transgenics with mice transgenic for the in¯uenza haemagglu-

tinin (HA), the T cells that escaped deletion in the thymus were

anergic. Similarly, TCR-transgenic T cells that were adoptively

transferred into HA-transgenic hosts went through an initial

phase of expansion, followed by a wave of deletion, and again

the cells that survived were unresponsive. Subsequent studies

from this group have observed that the `anergic' T cells from

the double transgenic mice secreted large amounts of the

regulatory cytokine, IL-10, upon antigen re-challenge, raising

questions concerning the mechanisms of unresponsiveness in

this system.59

The approach that has been pioneered by Jenkins involves

the adoptive transfer of limited numbers of TCR-transgenic

CD4+ T cells into normal syngeneic mice. This allows the

transgenic T cells to function in a polyclonal environment,

and for them to be analysed using clonotypic mAbs, or by

labelling the cells before transfer with a ¯uorescent dye.60

Using this model system it is clear that T-cell anergy is induced

following intravenous injection of antigen.61 No evidence for

the presence of conventional regulatory cells was obtained

in this model.

Several of these in vivo systems have been used to address

the lifespan of anergic T cells. In all the cases examined the

anergic T cells persisted for a minimum of 1 month.61,62 In the

Jenkins adoptive transfer model, recovery of reactivity was

observed with time, but the unresponsiveness was maintained if

the antigen was injected at weekly intervals. This is reminiscent

of observations made in many of the rodent transplantation

tolerance models, in which anti-donor reactivity recovered

slowly if the transplant was removed.

DOES THE INDUCTION OF T-CELL ANERGY HAVE

BIOLOGICAL SIGNIFICANCE?

The context in which the induction of anergy might be thought

of as having a role in the normal physiology of the immune

system is in the induction and maintenance of self tolerance.

Although T-cell anergy can be induced in vivo by the injection

of SAg, this is unlikely to relate to the induction of self

tolerance. The hypothesis that we have promoted is that
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autoantigen presentation by tissue parenchymal cells, leading

to the induction of T-cell anergy, is a key event in the regulation

of autoreactive T cells. This hypothesis is predicated on all the

observations of anergy induction by costimulation-de®cient

antigen-presenting cells. Most of these experiments have

utilized transfected immortalized cells as APC with or without

costimulatory blockade.63 We have reported the ability of

primary cultures of interferon-c-treated, human leucocyte

antigen (HLA)-DR+ allogeneic human thyroid and renal

tubular epithelial cells to induce allospeci®c anergy in

CD45RO+ (memory) T cells.64,65

Most recently we have exploited clinical transplantation

as a model system to explore these events in vivo. We

have consistently observed the development of donor-speci®c

hyporesponsiveness in renal and cardiac transplant patients,

using limiting dilution analysis (LDA) for cytokine-secreting

CD4+ T cell as a read out.66,67 If this was attributable to the

in vivo equivalent of the observations that we had made with

renal epithelial cells in vitro we predicted that the induction of

hyporesponsiveness would be more pronounced in the CD45

RO T-cell subset, the population that can traf®c through

extralymphoid tissues. In a recent study of renal transplant

patients, in whom frequencies were measured on the day, and

four months after, transplantation, this prediction was con-

®rmed.68 The ®nal question that we addressed concerning this

donor-speci®c hyporesponsiveness was whether it was due to

deletion of anti-donor T cells, or to the induction of anergy. We

exploited the fact that T-cell anergy can be reversed in in vitro

cultured T cells; after purifying the CD4+ T cells from patients,

some were immediately used for an LDA assay, the others were

cultured for 3 days in exogenous IL-2 and then rested for

1 day, before being used in LDA. In ®ve of nine hypo-

responsive patients a highly signi®cant increase in frequency

was seen following culture in IL-2. No change in the anti-third

party frequency was seen.69

Taking these data together they support the following

model concerning the in vivo signi®cance of T-cell anergy

induction. The peripheral T-cell repertoire contains autoreac-

tive potential, due to the incomplete nature of thymic deletion

and the expression of tissue-sequestered and developmental

antigens. When a tissue becomes in¯amed, due to a tissue-

tropic virus for example, the tissue-resident dendritic cells

migrate from the tissue to the draining lymph node, taking with

them both the viral antigens and a large number of tissue anti-

gens that were simultaneously internalized. In the lymph node

both virus-speci®c and autoreactive T cells will be primed. The

activated T cells will then traf®c back to the in¯amed tissue due

to chemokine release and the in¯amed endothelium in the tissue

vasculature. Once in the tissue the virus-speci®c T cells will

predominantly meet their peptide antigens on immigrant pro-

fessional APC that are the most ef®cient at capturing, processing

and presenting exogenous antigen. The autoreactive T cells, in

contrast, will predominantly meet their cognate ligands on the

mass of parenchymal cells that are by this time expressing MHC

class II molecules due to locally produced interferon-c. The

parenchymal cells are the cells making the autoantigen, and are

thus ideally placed to process and present it. The parenchymal

cell autoantigen presentation will serve to induce anergy in the

potentially dangerous T cells, as appeared to be occurring in the

T cells with direct anti-donor allospeci®city in the transplant

patients. This model is illustrated in Fig. 2.

ANERGIC T CELLS AS PART OF THE SPECTRUM OF

REGULATORY T CELLS

The above model may partially address the biological

signi®cance of anergic T cells, but it does not provide a reason

for keeping the partially activated, potentially dangerous T cell

alive. Is there any advantage in maintaining a cohort of

unresponsive, apparently inert cells in the system? In the ®nal

section of this review we would like to review the evidence that

cells with an anergic phenotype have regulatory effects, and

that this may justify their existence.

Probably the ®rst illustration of the potential for anergic

T cells to act as suppressor cells came from a SAg in vivo model

in which Mls-1b mice were injected with Mls-1a cells. The Lyt-

1+ cells (probably CD4+) acted as ef®cient suppressor cells

that were antigen-non-speci®c in their effector function.54,55

More recently we explored the regulatory effects of anergic

T cells using clonal populations of human T cells in vitro.70

Regulatory role of induced MHC class II expression
during a local immune response

thyroid

T cells primed in draining lymph node
by thyroid-derived DCs presenting viral

and thyroid-specific self peptides

Figure 2. The possible signi®cance of antigen presentation by tissue

parenchymal cells is illustrated. (1) T cells are primed in the lymph node

draining an in¯amed tissue, by dendritic cells that have migrated from

the tissue. (2) Both exogenous antigen-speci®c, and autoreactive T cells

are likely to be primed in response to dendritic cells presentation of

both sets of antigen. Upon re-entering the tissue, through the activated

endothelium, the T cells will meet their antigen in situ. (3) The

exogenous antigen-speci®c T cells will predominantly be presented by

immigrant bone-marrow-derived antigen-presenting cells that are

ef®cient in antigen capture, processing and presentation. This will

lead to reactivation of the T cells with exogenous antigen speci®city.

(4) In contrast, the major cells displaying the autoantigeneic epitopes

will be the tissue parenchymal cells, induced to express MHC class II

antigens by local interferon-c, and actively synthesizing the

autoantigens.This will lead to the induction of unresponsiveness in

these T cells.
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These cells acted as potent suppressor cells in a dose-dependent

and antigen-speci®c manner. In addition, they were able to

effect linked suppression if the APC expressed the antigen for

which the anergic and the responsive T cells were speci®c.71

Most signi®cantly, the suppression could not be observed in

a transwell system, and could not be reversed by the addition

of antibodies against the regulatory cytokines, IL-4, IL-10,

and transforming growth factor-b (TGF-b). These results

distinguished this phenomenon from all the other examples of

T-cell-mediated regulation which were effected by soluble

factors. At the time we interpreted these ®ndings in terms of the

passive `civil servant' model of suppression ®rst proposed by

Waldmann.72 Subsequently, we reproduced the same results in

a murine system, and went on to show that the anergic T cells

could prolong skin allograft survival in vivo,73 providing the

®rst evidence that anergic T cells were capable of effecting

regulation in vivo.

In our most recent studies74 we have attempted to address

the mechanisms whereby anergic T cells mediate their effects.

Having observed that they failed to inhibit T-cell responses to

combined anti-CD3 and anti-CD28 antibody stimulation, in

the absence of APC, we concluded that APC were required for

the regulatory effects to be seen. To address directly the effect

of anergic T cells on APC, bone-marrow-derived dendritic cells

(DCs) were generated in granulocyte±macrophage colony-

stimulating factor and incubated with responsive or anergic

T cells speci®c for DC-displayed antigens. After culture with

responsive T cells the immunogenicity of the DC was increased.

In marked contrast, culture with the anergic T cells rendered

the DC almost totally incapable of stimulating T-cell

proliferation. This loss of immunogenicity was accompanied

by reduced expression of MHC class II and B7 family

molecules. These data suggest that inhibition of DC matura-

tion and function may be one of the ways in which anergic

T cells exert their regulatory properties. These effects are

precisely the opposite of the effects of helper T cells on

immature DC, an effect which has been referred to as

`licensing'. To maintain an alcohol-related terminology, the

effect of anergic T cells on DC may be referred to as

`prohibition'.

A series of very interesting observations have been made

during the last few years by two groups, Sakaguchi's75 and

Shevach's,76 regarding a population of pre-existing regulatory

cells in the mouse. These cells were ®rst identi®ed in the context

of a model of autoimmune disease that arose in mice that were

subjected to thymectomy at 3 days. When Sakaguchi compared

the 3-day thymectomized with normal mice of the same strain

he noted that the manipulated animals lacked a small

population of peripheral T cells that were CD4+, CD25+

and CD5hi. Most importantly, when these cells were trans-

ferred from a normal to a thymectomized animal they

protected the recipient animal from the development of

autoimmune disease. Subsequent in vitro studies have revealed

some more features of these cells; they do not proliferate in the

absence of exogenous IL-2, they do not secrete known

cytokines, they require cell±cell contact in order to mediate

their suppressive effects, they inhibit IL-2 transcription in the

responsive T cells, and they appear to be antigen non-speci®c in

their effector function.77 There are many striking similarities

between this cell population and the anergic T cells that are

described above. It is tempting to speculate that this CD25+

population arises due to encounter with self antigens, either

presented by a non-immunogenic APC, or before the T cell is

suf®ciently mature to differentiate into a conventional effector

cell. Indeed, they may even be generated in the thymus.78,79

At the other end of the spectrum of regulatory cells are

those that regulate through the production of inhibitory/anti-

in¯ammatory cytokines such as IL-10.27 One of the best de®ned

in vivo models involving anti-in¯ammatory cytokine-secreting

T cells is that of Powrie,80 in which CD45RBlo T cells from

normal animals protect lymphopenic animals from the

development of in¯ammatory bowel disease. It appears that

IL-10, and/or TGF-b contribute to the regulation effected by

these cells.81

Based on all of the available data, we propose that a

spectrum of regulatory cells exists. At one end of the spectrum

are cells whose regulatory function is mediated by cytokines

that regulate other T cells or APC, at the other end of the

spectrum are cells whose regulatory function requires cell-cell

contact and is presumably mediated via cell surface molecular

contacts involving molecules that have yet to be de®ned.

CONCLUSION

In conclusion, anergic T cells are alive and well, albeit in an

altered state of health. Not only may the induction of anergy

play a role in silencing otherwise pro-in¯ammatory autoreac-

tive T cells, but their function may extend beyond this to the

regulation of other potentially destructive T cells. Once the

molecules involved in anergic T-cell mediated regulation are

de®ned, they will be attractive targets for the design of novel

and more precisely targeted immunotherapeutic agents.
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