
Clonal Deletion Versus Clonal Anergy: The 
Role of the Thymus in Inducing Self Tolerance 

During development in the thymus, T cells are rendered 
tolerant to self antigens. It is now apparent that thymo- 
cytes bearing self-reactive T cell receptors can be tolerized 
by processes that result in physical elimination (clonal 
deletion) or functional inactivation (clonal anergy). As 
these mechanisms have important clinical implications for 
transplantation and autoimmunity, current investigations 
are focused on understanding the cellular and molecular 
interactions that generate these forms of tolerance. 

T HE THYMUS IS RESPONSIBLE FOR GENERATING MATURE 

functional T cells with a diverse set of T cell receptors 
(TCRs) for the recognition of foreign antigens (1, 2). These 

antigens are recognized usually as a peptide embedded within major 
histocompatibility complex (MHC) molecules. Thus, the MHC is a 
gene cluster that encodes proteins whose function is to bind foreign 
peptides for presentation to T cells. In the mouse, MHC molecules 
are grouped according to tissue distribution: those molecules 
(termed K, D, and L) present on nearly all cells are designated as 
class I, whereas class I1 molecules (termed I-A and I-E) are normally 
present only on thymic epithelium and so-called antigen-presenting 
cells (usually macrophages, B cells, or dendritic cells). The actual 
recognition unit of the TCR that binds this MHC antigenic 
complex is composed of a polyclonally distributed protein hetero- 
dimer (crp or y6). Each heterodimer is noncovalently linked to five 
invariant protein chains that appear to be involved in signal 
transduction (3). Accessory molecules, either CD4 or CD8, can also 
be an intimate part of this receptor complex. These molecules may 
serve to enhance the avidity of the TCR for antigen by binding 
directly to nonpolymorphic portions of MHC molecules (4) or may 
participate in signal transduction (5 ) .  

The earliest cells to appear in the thymus lack surface CD4 and 
CD8 as well as TCR and are derived from the fetal liver or adult 
bone marrow (Fig. 1). These precursor cells rapidly undergo 
rearrangements of their TCR genes and start to express CD4 and 
CD8. Those CD4'8' cells that successfully rearrange their TCR 
display receptors on their surface (usually at low levels), thereby 
constituting a diverse population of cells, each of which bears a 
unique antigen receptor. This heterogeneity creates the potential to 
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interact with the multiple allelic forms of M H C  molecules existing 
in the different individuals of a species. Within a given individual, 
however, only some thymocytes will exhibit TCRs that are able to 
interact with the particular M H C  molecules present on the thymic 
epithelium. 

Subsequent to the appearance of CD4'8' thymocytes, the 
CD4+8- and CD4-8' thymocytes arise that possess high levels of 
TCR. This differentiation may result from the specific interaction of 
a particular TCR-bearing thymocyte with MHC molecules, or 
MHC plus peptide. Alternati\rely, the appearance of CD4'8- and 
CD4-8+ cells could occur simply by a stochastic process ( 6 ) .  
Nevertheless, it appears that a specific interaction between the TCR 
and MHC molecules, either at the CD4+8+ or CD4'8- or 
CD4-8+ stage, rescues the cell from programmed death (termed 
positive selection). Thus, selective events within the thymus shape 
the final TCR repertoire, with the result that foreign antigenic 
peptides are recognized only in association with self-MHC mole- 
cules (7). The result of this selection is two sets of mature T cells: 
one set that uses CD4 and recognizes foreign antigen complexed to 
class I1 MHC molecules, and a second set that uses CD8 and 
recognizes antigens complexed with class I MHC molecules. 

Another function of the thymus is to impart to the mature 
immune system the ability to distinguish self from nonself. That is, 
those T cells capable of responding to self antigens are negatively 
selected. Experiments that show T cells are tolerant to self antigens 
only in the context of thymically expressed MHC molecules suggest 
that negative selection involves recognition of thymic self-MHC 
molecules (8). This implies that tolerance to self can result from a 
TCR-MHC interaction in the thymus that is similar to the recogni- 
tion of foreign antigen that activates a mature T cell. Evidence is 
accumulating that indicates there may be multiple mechanisms for 
attaining self tolerance and that these mechanisms may operate at 
various stages of development. Three general mechanisms have been 
proposed: (i) physical deletion, (ii) functional inactivation, and (iii) 
suppression of self-reactive clones. Here we discuss those mecha- 
nisms that exist in the thymus and what factors may influence how 
tolerance is achieved. 

Tolerance by Clonal Deletion 
Burnet proposed more than 30 years ago that tolerance to self 

could be achieved by the clonal deletion of autoreactive lymphocytes 
during development (9). A major advance to support this hypothesis 
came with the development of antibodies to T cell receptor chains 
with specificity for self antigens. In the first example reported, it was 
observed that most T cells bearing receptors that contained the P 
chain of the Vp17 family were reactive with the class I1 MHC 

SCIENCE, VOL. 248 



molecule I-E (10). With the use of an antibody that recognizes all 
Vp17' TCR, T cells bearing this receptor could be observed during 
development. Although present at the CD4'8' stage, such cells are 
absent from C D 4 ' 8  and CD4-8+ thymoc)~es, as well as peripher- 
al T cells, in mice bearing the I-E self antigen. This finding 
established clonal deletion as a major mechanism for attaining self 
tolerance in T cells. Further evidence for clonal deletion was 
obtained in experiments involving other TCR Vp regions (11-14). 
Clonal deletion has been analyzed also in transgenic mice in which 
the genes for single TCR a and P chains with defined specificity 
have been inserted into the germ line. In such mice, the majority of 
T cells bears a single receptor and are deleted during development in 
the thymus when their specific antigen is present [(15) and von 
Boehmer (1 6 )  in this issue]. 

Critical to understanding the molecular basis of clonal deletion 
(and other forms of tolerance) is establishing the developmental 
stage at which this event occurs. At least for some TCRs capable of 
reacting with class I1 MHC molecules, both CD4'8- and CD4-8' 
cells bearing these receptors are deleted during thymic development. 
Since class I1 MHC reactivity is normally associated with CD4+ 
cells, the deletion also of CD8+ cells bearing such TCRs was 
unexpected. To account for this, researchers postulated that clonal 
deletion could occur at the CD4+8' precursor stage. Support for 
this notion came from experiments in which an antibody to CD4 
(anti-CD4) was injected in vivo during the course of thymocyte 
development. Such treatments interfered with CD4 and MHC class 
I1 interactions and resulted in the appearance of Vp17' CD8+ T 
cells in I-E+ mice (17). Since anti-CD4 would not directly affect 
CD4-8' cells, this result indicates that the effect on the CD4-8' 
cells must have occurred at the CD4+8+ stage. The ability of anti- 
CD4 to block clonal deletion of potentially self-reactive TCR in 
CD8' cells has also been observed for Vp6+ TCR, which is specific 
for a self antigen designated Mls-la (minor lymphocyte-stimulating 
antigen) (18). These experiments indicate that clonal deletion 
requires the participation of the accessory molecules and that 
deletion does occur at a CD4'8' precursor stage. 

Fig. 1. A model for thy- 
mic interactions that 
could result m clonal an- 

Experiments involving transgenic mice, in which most T cells bear 
a receptor specific for a self antigen, also suggest that CD4+8' 
thymocytes are the targets of clonal deletion (15). It was shown that 
in one type of TCRaP transgenic mouse whose receptor possessed 
dual specificity for lymphocytic choriomeningitis (LCM) virus or 
Mls-la, clonal deletion of CD4+8+ thymoqites was much more 
extensive as a result of LCM virus infection than the presence of the 
Mls self antigen (19). Whether this effect on deletion is the result of 
the precise developmental stage at which the TCR-bearing cell 
encounters antigen, the anatomical distribution of the antigen, or 
some property of presentation peculiar to the specific antigen is 
unclear. In spite of the fact that the bulk of these studies indicates 
that clonal deletion occurs at a CD4+8+ stage, none precludes the 
possibility that clonal deletion could also occur later at the CD4+8- 
or CD4-8' stage. 

Clonal deletion does not occur in nude mice (which genetically 
lack the thymus), which suggests that some component of the 
thymic environment is an important aspect of this mechanism (20). 
A number of studies have attempted to identi$ the thymic stromal 
cells capable of inducing clonal deletion. Thymic stromal cells may 
be either bone marrow derived (predominantly macrophages or 
dendritic cells) or epithelial in origin (including both cortical and 
medullary epithelial cells) (21). Most of these cells can express class I 
and I1 MHC molecules, allowing them to participate in the clonal 
deletion process. 

To identify stromal cells capable of inducing tolerance, researchers 
have used chimeric mice to experimentally manipulate the site of 
MHC antigen expression. Since the epithelial components of the 
thymus are much more radioresistant than the bone marrow- 
derived components, radiation can be used to deplete an animal of 
bone marro~r-derived cells while preserving the thymic epithelium. 
These mice can then be used as a host for the implantation of a bone 
marrow graft from a mouse with digerent MHC allelic products 
(haplotype) (22). Thus, the thymus and the developing T cells can 
differ in their MHC haplotype, but interact within the same animal. 
In practice, these chimeras are generated by treating recipient mice 
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ated with the invariant 
CD3 complex) with self 
MHC plus peptide on 
dendritic cells or macro- 
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(clonal anergy). Some property of this latter interaction must dfferentiate it delivered. In the absence of such an event in either the thymus or the 
from the interaction responsible for positive selection. Here the anergy periphery, these thymocytes can exhibit their full functional potential. 
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with a high dose of irradiation (1000 R) and then injecting 
allogeneic b r  semi-allogeneic bone marrow. Within several weeks, 
the bone marrow-derived tissues of the host, including the lym- 
phoid system, will be replaced by those of the bone marrow donor. 
1n an iternate chimeric-strategy, nude or thymectomized hosts are 
given allogeneic thymus grafts depleted of bone marrow-derived 
cells by in vitro culture in deoqrguanosine (23, 24). 

Other chimeric systems have also been used to identify the cells 
responsible for inducing self tolerance. Frog and chicken (25) 
chimeras have an advantage in that their generation does not rely on 
removing the preexisting bone marro\yderived elements (tech- 
niques that are subject to problems such as a failure to completely 
deplete the bone marrow-derived elements or damage to the thymic 
epithelium). Frog chimeras have been produced by fusing the 
anterior half of the 24-hour Xenopur embryo, containing the thymus 
anlagen, with the posterior half of an allogeneic embryo, containing 
bone marrow anlagen, at the same stage of development. A chimera 
results with thymic epithelial elements expressing one MHC type 
(encoded by the anterior genotype), while the bone marrow- 
derived cells express MHC molecules encoded by the posterior 
genotype. In another system, the thymic rudiment from embryonic 
chickens is replaced with a xenogeneic, embryonic quail rudiment, 
producing a chimera with quail thymus epithelium and bone 
marrow-derived cells of chicken origin. In both of these systems, 
the chimera is made before the thymus is colonized by stem cells, 
thus avoiding the need for any type of depletion of bone marro\v- 
derived cells. As will be discussed below, although there is some 
controversy over the ability of the epithelial components to generate 
self tolerance in all of these svstems. it is nevertheless clear that bone 
marro~-derived elements are able to induce tolerance. 

The initial analysis for self tolerance by a clonal deletion mecha- 
nism [with radiation bone marrow chimkras. or thvmectomized or 
thymus-grafting systems) also found that the bone marrow-derived 
and not the thymic epithelial cells are responsible for clonal deletion 
(26). For example, most of the VB17+ cells were not deleted when 
I-E was expressed only by the thymic epithelium of the chimeric 
mice. More recently, transgenic mice have been made by introduc- 
ing MHC genes constructed with controlling elements that target 
expression to specific cell types (27-29). In some cases, mice were 
produced with transgenic class I1 M H C  molecules expressed selec- 
tively in different thymic stromal cells (27, 29). When class I1 I-E was 
expressed only on the thymic epithelium, the frequency of Vp17+ 
cells was reduced by only 25%, indicating that the majority of the 
Vp17+ cells were not deleted (26). In a different transgenic mouse, 
with I-E expressed on the thymic epithelium, the majority of Vp17+ 
cells were deleted, but the interpretation was complicated by the fact 
that transgenic I-E was also expressed on some dendritic cells 
thought to be capable of inducing clonal deletion (29). The value of 
these systems is thus critically dependent on the tissue specificity of 
transgene expression. - 

Intrathymic deletion of certain Vp-bearing cells also occurs in 
mice that possess MIS antigens. Thymocytes bearing VB8.1 and VB6 
TCR are normally eliminated in mice expressingn/lls-la, whereas 
Vp3 TCR+ cells are eliminated from mice expressing Mls-2" (12- 
15). Although the Mls genes and products are unknown, MIS is the 
only other endogenous-antigen besides the MHC molecules that is 
able to stimulate in vitro proliferation of a high proportion of T cells 
from unirnmunized M I S  mice (30). MIS antigens appear to differ 
from conventional antigens in that they can be presknted by most 
MHC molecules (31), especially class I1 I-E; however, there appears 
to be a hierarchy in the efficiency of Mls presentation by the different 
mouse MHC haplotypes, in that ~ - 2 ~ ,  H-2d > H-2b > H-2q (12). 
The strength o f i n  vitro proliferative responses and the ability to 
cause deletion appear to reflect this presentation ability. Thus, H-2k 

is a permissive haplotype for MIS presentation, whereas H-2q is a 
nonpermissive haplotype. 

In Mls antigen-mediated clonal deletion, the antigen can be 
transferred between cells for presentation in vivo (12). That is, if 
radiation chimeras are made with two bone marrow donors (neither 
of which is able to mediate deletion alone because one expresses Mls 
but possesses a nonpermissive M H C  haplotype for Mls presenta- 
tion, while the other does not express Mls but is permissive for 
presentation), the MIS antigen can be transferred from the nonper- 
missive to the permissive bone marrow4erived cells to mediate 
deletion. This suggests that at least some antigens in the thymus can 
be passively acquired. This phenomenon could also account for 
tolerance induction to antigens found in the circulation and not 
normally made in the thymus. Mls products are not peculiar in this 
aspect. Certain minor histocompatibility antigens and the male 
antigen H-Y appear to share this property in that they are targets for 
cross-presentation (32). 

Studies of hybridomas with dual specificity for Mls and antigen 
reveal that mutations could ablate one specificity without affecting 
the other (33). This led to the suggestion that Mls was recognized by 
a separate receptor on the T cell independent of the conventional 
TCR. Since responses to Mls are MHC-dependent, one could argue 
from this model that the T cell could even recognize Mls and MHC 
on different presenting cells, thereby forming a tricellular complex. 
This model could then account for the putative cross-presentation of 
MIS in vivo. More recent studies, however, have mapped Mls 
interaction to the conventional TCR, but outside of the antigen- 
combining site (34). The latter data support a model in which the 
same TCR can recognize an MHC-antigenic complex as well as Mls. 

Certain staphylococcal enterotoxins, which stimulate T cells bear- 
ing specific Vp families, appear to readily induce clonal deletion of 
the same TCR' thymocytes when administered exogenously (35). 
Antigens, such as these enterotoxins and Mls antigens, that are 
mitogens for specific Vp families and are able to associate with 
MHC to mediate clonal deletion of such Vp-bearing T cells 
irrespective of the a chain have been termed superantigens (35). 
Much speculation exists over whether such Vp mitogens bind MHC 
molecules for presentation as is envisioned for most conventional 
antigens. Current evidence suggests that conventional antigens are 
displayed to T cells only after intracellular proteolytic cleavage and 
placement into a peptide binding groove on an MHC molecule (36). 
The Vp mitogens, such as MIS and enterotoxins, may bind as 
uncleaved antigens outside of the binding groove (37). In this 
regard, there is evidence that at least bacterial enterotoxins cannot be 
presented when cleaved into peptides (38). 

Tolerance in the Absence of Clonal Deletion 
Since it appears that the bone marro\v-derived cells mediate 

clonal deletion, one must account also for tolerance to self antigens 
expressed by other non-bone marrow-derived tissues both inside 
and outside the thymus. Variable results have been obtained on the 
role of the thymic epithelium in the generation of self tolerance. 
Both the murine thymus engraftment system and the frog or chick- 
quail chimeras fail to show tolerance to epithelial-type MHC 
molecules in in vitro functional assays. The commonly used assay is 
the one-way mixed lymphocyte response (MLR), in which antigen- 
presenting cells are used to stimulate T cells to proliferate, which is 
measured by the incorporation of radioactive thymidine into DNA. 
In spite of the in vitro responses of these chimeras, the thymus graft 
itself or skin or organ grafts expressing the same MHC antigens are 
not rejected in vivo (24, 25). Thus it would appear that the 
epithelium has at least some tolerizing capacity. Indeed, tissue- 
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Fig. 2. An analysis for clonal deletion of Vp6+ mature thymocytes in 
chimeras made with an Mls-la-bearing host. The abihty to cause deletion is 
dependent on the transfer of Mls-la from host to donor-derived cells and is a 
function of the MHC haplotype of the bone marrow donor. The 
(BIO.S x AKR)F, host received 1000 R and was reconstituted with T cell- 
depleted bone marrow from either H-2" or H-2Vonors. All donors are Mls- 
1' except CBA/J, which is Mls-la. This chimera serves as a control in which 
the Mls-la antigen is expressed by both the donor and host. Data are derived 
from results published pre\~iously (40). 

specific tolerance may reflect the fact that the actual tolerization step 
involves not only MHC, but also tissue-specific peptides. 

More recently, systems analyzing the clonal deletion of specific Vp 
families have been used to assess the role of the thymic epithelium in 
tolerance induction. As mentioned earlier, when the MHC molecule 
I-E is expressed only on the thymic epithelium, the frequency of 
VB17+ T cells is only reduced 10 to 30% (26, 39-42). Although 
most Vp17+ cells are not deleted in these systems, the reduction of 
Vp17+ cells may reflect some limited deletion induced by the thymic 
epithelium. It is conceivable that this represents deletion of clones 
with TCR of high a h i t y  for I-E (22). 

Irradiation-bone marrow chimeras have also been made in which 
the Mls antigen is expressed only by the radioresistant host. Clonal 
deletion can occur in these chimeras by transfer of MIS antigen from 
the host for presentation by donor bone marrow-derived elements 
as long as the donor-derived cells express a permissive MHC 
haplotype (40, 43). Clonal deletion is not observed in a variety of - - 
bone marrow chimeras in which only the radioresistant host epithe- 
lium expresses a permissive MHC type as well as the Mls- la antigen. 
This is illustrated in Fig. 2 for several chimeras, in which 
(BIO.S x AKR)F,-irradiated recipients (which express MHC H -  
2"k) were reconstituted with either H-2k or H-2S donor bone 
marrow. These results show that clonal deletion of VB6+ T cells 
occurs only when the donor expresses the permissive, H-2k haplo- 
type for Mls presentation. ~ e l e t i o n  is poor with the nonpermissive 
H-2s%xpressing donor. Therefore, the ability to cause deletion is a 
fimction of the donor bone marrow. Thus, when d the data are 
considered, the thymic epithelium appears to be relatively poor at 
inducing clonal deletion. 

Given that the majority of VB17+ and Vp6+ T cells are not 
eliminated in mice with I-E or Mls-la, respectively, expressed only 
by the radiation-resistant elements, it is appropriate to ask whether 
these mice are tolerant of the epithelial-type antigens. In transgenic 
mice that express I-E only on the thymic epithelium and in which 
the majority of Vp17+ T cells are not deleted, a tenfold reduction is 

observed in the MLR response to I-E (26, 39). In another example, 
chimeras that fail to delete Vp6 (as shown in Fig. 2) or Vp17 show a 
drastic reduction in their proliferative response directed toward 
antigens of host (epithelial) type, even though these chimeras 
respond vigorously to controls (40, 42). These data reveal that donor 
bone marrow cells that have developed within a semi-allogeneic host 
thymus can be tolerized to host antigens even if they are not deleted. 

These results are in contrast to those obtained in certain murine 
radiation bone marrow chimeras, thymus-grafted chimeras, and in 
the frog or chick-quail chimeras (23, 24, 44). From such systems, it 
appears that in vitro mixed lymphocyte or cytolytic responses were 
obtained. Whether the differences in the in vitro responses between 
these chimeras and those described previously are due to quantita- 
tive or qualitative aspects of antigen expression in the experimental 
system is not clear. Certainly, multiple mechanisms of tolerance 
induction may operate and may vary for the two T cell lineages 
(CD4 versus CD8) or as a result of the tolerizing tissue (caused by 
differential signaling or tissue-specific peptides). 

The presence in the bone marrow chimeras of T cells bearing Vp 
segments (Vp6 and Vp17), which correlates with responsiveness to 
Mls-la and I-E and the absence of an MLR to the relevant antigens, 
suggests that tolerance is achieved by clonal anergy. That is, these 
specific TCR-bearing clones appear to be functionally inactivated. 
This was demonstrated at the clonal level by stimulating with Vp- 
specific plate-bound antibodies. These antibodies fail to stimulate 
Vp6+ or Vp17+ mature thymocytes from the chimera, even though 
other T cells in the population respond well to a control stimulation 
with an antibody to TCRolP (40, 42). The failure to respond was 
observed over a broad dose range of antibody. It is significant that 
both mature thymoqrtes and peripheral T cells manifested compara- 
ble levels of tolerance. Thus, thymic tolerance can also result from 
specific clonal anergy. 

In the chimeras shown in Fig. 2, it was concluded that MIS could 
be transferred in vivo from host to donor and that clonal deletion 
was determined by the nature of the bone marrow-derived cells. By 
isolating the expression of Mls antigens and MHC molecules in 
bone marrow chimeras, it is possible to address the question of 
whether MIS can be transferred in the opposite direction, for 
example, from donor to host cells. Any relevant presentation of Mls 
on a permissive MHC haplotype would presumably be localized to 
the radioresistant thymic epithelium. 

Table 1 summarizes the results obtained with various chimeric 
combinations of Mlr and MHC gene expression by bone marrow- 
derived and thymic epithelial cells with respect to their ability to 
induce clonal deletion and clonal anergy. Data from this and other 
chimeric systems indicate that the self antigen Mls can be transferred 
for presentation in vivo (12, 40, 43). Deletion of Mls-reactive T cells 
occurs only if the bone marrow expresses a permissive MHC for 
presentation, regardless of the source of Mls antigen. If, however, 
the radioresistant host expresses Mls and bears a permissive MHC 
haplotype, tolerance is induced via clonal anergy. In contrast, it 
appears that Mls expressed by the donor cannot be transferred to 
permissible MHC molecules on the host to induce anergy (45). This 
latter system relied on the reactivity of Vp3+ T cells for the Mls-2" 
antigen. The failure to anergize these Vp3+ cells could be because of 
a failure to efficiently transfer Mls in the opposite direction (donor 
+ host) for presentation by the epithelium, or because Mls-la is a 
stronger antigen than Mls-2" for medating interactions that induce 
clonal anergy. Previous studies, which show that Mls-2" can mediate 
clonal deletion of Vp3+ cells in mixed bone marrow chimeras, 
demonstrate that Mls-2" transfer, per se, is possible (12). The source 
of Mls antigen in such chimeras has not been determined. Experi- 
ments with deoqguanosine-depleted thymus grafts have shown that 
the thymic epithelium itself is unable to produce the Mls antigen 
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Table 1. A summary of tolerance induction by clonal deletion or clonal 
anergy in Vp6+ T cells in P + F,, irradiation bone marrow chimeras. 

Donor (bone Host 
marrow-derived) (epithelium) Dele- An- 

tion ergy 
Mls MHC Mls MHC 

+ Permissive + Permissive Yes 
- Permissive + Permissive Yes 
- Permissive + Nonpermissive Yes 
- Nonpermissive + Permissive No Yes 

(45, 46). This does not preclude the possibility, however, that the 
thymic epithelium can present transferred Mls. 

The results in Table 1 could also be interpreted in another way to 
explain why deletion versus ane rg  is obtained. Rather than invok- 
ing different inducing cell types for these different forms of toler- 
ance, one could argue that all the tolerance is induced by the bone 
marrowclerived elements. In this model, the nonpermissible MHC 
molecules are able to present Mls, but do so at a quantitatively lower 
level. Thus, a high level of receptor occupancy leads to clonal 
deletion, whereas a low level results in clonal anergy. 

Induction of Clonal Anergy by the Thymus 
Defining the various components of TCR-MHC-ligand interac- 

tions, the interacting cell types, the intracellular signals, and the 
stage of development are critical to understanding the mechanism 
involved in tolerance induction. Figure 1 shows how self tolerance 
may be generated in a developmental model. The particular interac- 
tion of the TCRaP with MHC molecules (or MHC plus peptide) in 
the thymic microenvironrnent determines the fate of the cell bearing 
that receptor. Thus, an interaction with some element of the thymic 
epithelium (in the absence of any negative selection) leads to 
functional maturity. An interaction with a bone marrowderived 
macrophage or dendritic cell induces death, that is, clonal deletion. 
Since these different destinies for a developing T cell involve the 
same TCR and MHC, there must be other variables that determine 
these two developmental outcomes. One possibility is that the 
developmental stage of the T cell could be important in these events. 
Thus, TCR and MHC interactions occurring at an early stage of 
maturation may result in a different developmental fate from a 
similar interaction occurring at a later stage of maturation (47). 
There are a number of features of the T cell that may affect signal 
transduction that are known to change during development. Such 
parameters include the surface expression and participation of 
accessory molecules, such as CD4 and CD8, the cell surface density 
of the TCR, the type of TCR-associated signaling components, the 
inducibility of specific genes, and the nature of the intracellular 
biochemical pathways. The other possibility is that the stromal cells 
that bear a ligand recognized by the TCR (either for positive or 
negative selection) are different and therefore may display unique 
peptides (I) ,  accessory or adherence molecules, or deliver other 
necessary signals. In support of this latter possibility, it is known 
that the thymic epithelial cell is involved in inducing positive 
selection, whereas the bone marrow-derived dendritic cell or macro- 
phage is involved in clonal deletion. 

An in vitro model for inducing anergy in mature T cell clones has 
been put forth by Jenkins and colleagues (48). In this model, CD4' 
class 11-specific T cells are activated for proliferation only when the 
TCR is occupied in the presence of a second or costimulatory signal. 
When signal one, that is, peptide plus M H C  molecules, is presented 
in the absence of the second signal, these clones do not proliferate 

and, moreover, become unresponsive to subsequent stimulation by 
cells capable of providing both signals, that is, they are anergized. 
This one versus two signal model is therefore similar to that first put 
forth by Bretscher a n d ~ o h n  to account for tolerance in B cells (49). 
Whereas this system has been established for class IIdependent T 
cells, differential signaling events may also account for tolerance in 
class I-dependent cells (50). 

Clonal Lergy in the thymus could result then from the delivery of 
only one signal through occupancy of the TCR in the absence of 
costimulation. Since VB6+ and VB17+ T cells are anergized in the 
chimeric thymus when the relevant antigens were on the 
radioresistant host (40, 42), a likely candidate for inducing clonal 
anergy in that case is the thymic epithelium. By this hypothesis, the 
epithelial cell (if it exhibits the relevant antigen-MHC complex) is 
able to provide only one signal. Supporting this idea, thymic 
epithelial cells express MHC molecules and can present antigen to T 
cell hybridomas, but are unable to activate T cell clones (51). 
Heterogeneity of thymic epithelial cells is a potential added compli- 
cation, as anergy induction may be a fhc t ion  of only a subset of 
epithelial cells. 

The epithelial model for anergy induction should also be consid- 
ered in the developmental scheme. At what T cell stage is the anergy 
induced? Isolated subsets of both CD4+8- and CD4-8' thymo- 
q e s  and peripheral T cells from tolerized chimeras have been found 
to be anergic (45). This result is somewhat surprising, since both the 
Vp17 and Vp6 responses are class IIdependent and are generally 
limited to C D 4 ' 8  cells. If, however, anergy induction occurs at a 
CD4+8+ precursor stage, where CD4 is available for all receptors, 
ane rg  might be expected to occur in both subsets. To address this 
question we performed in vivo anti-CD4 treatments on newly 
constructed chimeras to determine whether anergy induction could 
be inhibited. These treatments, however, failed to affect the anergy 
of either the CD4-8' thymocytes or peripheral T cells (45). This 
result is in contrast to previous studies showing that anti-CD4 
treatments are able to reverse clonal deletion of ~ p 1 7 '  thymocytes 
[(17) and above]. Whereas the effect on anergy is a negative result 
and not conclusive, the data suggest that the anergy induction does 
not occur at the CD4'8' precursor stage or that CD4 is not used in 
the interaction that leads to this form of tolerance. If CD4 is not 
used in this interaction, anti-CD4 treaunent cannot be used to stage - 
the anergy induction event. 

If anergy of Vp6' and Vp17' clones can be induced in the 
CD4-8' thymocytes, then one would have to conclude that these 
cells are capable of recognizing class I1 without CD4. Although this 
concept is counter to the prevailing dogma that responses by CD8' 
cells are predominantly class I dependent, it may have some validity. 
Several lines of evidence support the notion that CD8' T cells can 
interact with certain class ~ f d e ~ e n d e n t  antigens. It has been shown 
that CD8' V p l l +  T cells respond to I-E in vivo, although not in 
vitro (52). In general, the nature of the I-Eclependent responses 
and deletion of Vgll-bearing cells is typical of TCRs that recognize 
antigens that are Vp mitogens. Also supporting this concept is the 
fact that CD8' cells can respond to enterotoxins, which are typically 
class IIdependent antigens (53). In transgenic mice in which I-E is 
expressed only on the pancreatic islet cells, both CD8' and CD4' 
Vp17+ T cells are anergiwd, also indicating that CD8' cells can 
recognize class I1 I-E in vivo (41). Thus, unlike conventional 
responses, CD8' cells bearing V reactive TCR may interact with a 

p-. 
sufficiently high avidity to mehate anergy without the aid of 
accessory molecules. In this regard, it would be of interest to 
determine if CD8' cells bearing the class I-restricted, H-Y-reactive 
TCR in transgenic mice could be anergiwd if the antigen is 
expressed only on the thymic epithelium, since H-Y is not a Vp 
mitogen. 
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Another issue to consider in the model shown in Fig. 1 is why the 
interaction that induces clonal anergy does not instead induce clonal 
deletion. For clonal deletion, it is possible to invoke the two-signal 
model postulated for T cell activation. As discussed above, it is 
conceivable that clonal deletion can only be induced in cells during 
an early stage of T cell development. One could argue that two 
signals induce cloilal deletion in an immature T cell, whereas these 
same signals promote activation in a mature T cell. In support of this 
concept, it has been shown that splenic dendritic cells (which are 
capable of providing a costimulatory signal to mature T cells) will 
induce tolerance when added to fetal thymic organ cultures (54). 
Although this tolerance has been measured in a functional assay and 
clonal deletion per se could not be examined, the expectation would 
be that such (bone marrow-derived) antigen-presenting cells are 
causing clonal deletion. Thus, an interaction delivering only signal 
one (occupancy of the TCR) may be insufficient to induce clonal 
deletion in immature thymocytes and might instead induce clonal 
anergy. 

The model presented in Fig. 1 raises another problem. If all cells 
that are positively selected on the epithelium could also be anergized 
by the same epithelium, all mature T cells would be nonfunctional. 
There are two ways out of this dilemma. (i) There is evidence for 
cellular heterogeneity in the thymic epithelium. Medullary epithelial 
cells can be distinguished from cortical epithelial cells with monoclo- 
nal antibodies (55). Thus, different epithelial components could be 
involved in positive selection as opposed to anergy induction. (ii) 
Positive selection and anergy induction may operate at different 
stages of T cell ontogeny. Thus, distinct cells may be capable of 
inducing distinct differentiation events, T cell signaling may vary 
during development, or both. 

If thymic tolerance by clonal anergy does occur at a late stage of 
thymic development as depicted in Fig. 1, it may not be any different 
than the ane rg  proposed to occur in mature peripheral T cells (56, 
57). In two in vivo systems, mature cells bearing Mls-reactive 
TCRs were rendered tolerant to transferred MIS+ cells. In one 
case, the tolerized Vp6' cells expressed interleukin-2 (IL-2) recep- 
tors in vivo, suggesting they were responding to antigen, but they 
were unable to produce IL-2 in response to Mls-la in vitro 
(57). The anergized cells from bone marrow chimeras also made a 
partial response in that they expressed some IL-2 receptors upon 
stimulation (40, 42), although at a lower level and frequency than 
pseudochimeric controls. Therefore, they could respond to antibod- 
ies to TCR in the presence of exogenously added IL-2, although 
never to the level of the controls. Thus, it would appear that 
a major defect in the anergiwd cells is an inability to make 
IL-2. This result is similar to that obtained from the in vitro anergy 
system described above (48). Interestingly, anergiwd clones in the 
chimeras appeared not to be responding to antigen in vivo, in that 
they were no larger than other T cells and did not express IL-2 
receptors (45). As is true for the peripheral tolerance models, mix- 
ing responsive and nonresponsive cells has failed to show any 
suppression by the anergized cells. Thus, the chimeric system 
described is able to reveal a thymically induced self tolerance in the 
form of clonal anergy. The only difference between thymic and 
peripheral anergy would therefore be the tissue responsible for 
inducing the tolerance. Each cell type, the thymic epithelial cell, or 
the islet or acinar cell (in the case of I-E transgenic mice), must be 
unable to induce the second signal. 

Still another possibility exists. During the CD4+8- or CD4-8' 
stage of development, the T cell may encounter its antigen on a 
conventional antigen-presenting cell, that is, one that could deliver 
two signals but, because of the immature state of the T cell, it does 
not yet express receptors for the second (costimulatory) signal. In 
such a case, anergy rather than activation may result. 

Significance and Future Directions 

Although self tolerance can be achieved in the thymus by 
induction of clonal anergy in radiation chimeras, the question is 
raised as to whether this mechanism exists in normal physiological 
settings. The chimeras discussed were constructed in such a way as 
to prevent clonal deletion and thereby reveal clonal anergy. Whereas 
only nonchimeric systems can resolve this issue, there is good 
evidence for induction of clonal a n e r g  in the periphery, and it 
seems reasonable that the same mechanism would operate in the 
thymus. 

It is possible also that other forms of tolerance may yet be 
uncovered. As mentioned earlier. a third tvDe of tolerance could , L 
involve suppression. Although there is good evidence that regula- 
tory mechanisms may operate that are probably anti-idiotypic in 
nature (58, 59), there is yet no clear evidence that the thymus 
participates in these forms of tolerance. 

There may be other thymic tolerance mechanisms. Some TCRaP 
CD4-8- cells that bear "forbidden" TCRs [TCRs that are normally 
deleted during development (60)] are generated in the thymus. such 
cells could be produced by a thymic interaction that causes the 
down-regulation of accessory molecules or TCR, or both. This 
could render the cells less reactive, since both the appropriate 
accesson, molecule (CD4 or CD8) and TCR are necessanr to 
maintain the reactivity of some receptors (61). By functional aAaly- 
sis, TCRcvP C D 4 - 8  thymoqites are not reactive to self. 

At face value, it appears that tolerance induction by clonal anergy 
could serve as an important alternative to clonal deletion. The 
thymic epithelium could render T cells anergic to epithelial-specific 
peptides that may be expressed by peripheral tissues but are not 
expressed by thymic dendritic cells. The suggestion has also arisen 
that an anergized but nondeleted T cell may senre also as a specific 
suppressor, because it can bind to antigen and perhaps consume 
lymphokines while being unable itself to produce lymphokines or to 
respond by proliferation (62, 63). In this way, the anergized cell 
would dampen an ongoing immune response by competing for 
antigen and lymphokines. It is possible that from the C D 4 + 8  or 
C D ~ - 8 '  thymoEyte stage, and for a finite time after export from the 
thymus, T cells may be more easily tolerized by clonal anergy. This 
would allow newly emerging T cells to be rendered nonresponsive 
to the many self antigens not found in the thymus. If such a 
mechanism existed, it could account for the failure to tolerize 
exogenously transferred mature T cells with transgenic I-E expressed 
on pancreatic acinar cells in the same animals in which endogenous 
T cells are I-E-tolerant (63). The implication from the latter data is 
that not all peripheral T cells can be clonally inactivated according to 
the one-signal model of ane rg  induction. The demonstration of 
clonal ane rg  as another mechanism for maintaining self tolerance 
may account for nonresponsiveness to antigens present only in 
peripheral tissues or present in the thymus at insufficient levels to 
cause clonal deletion. Since the induction of clonal anergy may be 
used clinically to prevent graft rejection as well as to abort ongoing 
autoimmune processes, it is now important to elucidate the condi- 
tions under which these various forms of tolerance may be induced 
and maintained. 
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1990 
AAAS Philip Hauge Abelson Prize 

The AAAS Philip Hauge Abelson Prize of $2,500, estab
lished by the AAAS Board of Directors in 1985, is awarded 
annually either to: 

• a public servant, in recognition of sustained exception
al contributions to advancing science, or 

• a scientist whose career has been distinguished both for 
scientific achievement and for other notable services to the 
scientific community. 

AAAS members are invited to submit nominations now 
for the 1990 prize, to be awarded at the 1991 Annual 
Meeting in Washington, DC. Each nomination must be 
seconded by at least two other AAAS members. 

Nominations should be typed and should include the 
following information: nominee's name, institutional affili
ation and title, address, and brief biographical resume 
(please do not send lengthy publications lists); statement of 
justification for nomination; and names, identification, and 
signatures of the three or more AAAS member sponsors. 

Nominations should be submitted to ¥ aye Adams, AAAS 
Directorate for Science and Policy Programs, 1333 H Street, 
N.W., Washington, D.C. 20005, for receipt by 1 August 
1990. 

The winner will be selected by a seven-member selection 
panel. The award recipient is reimbursed for travel and hotel 
expenses incurred in attending the award presentation. 
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