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Abstract  
 

Normal individuals have mature T lymphocytes that are capable of reacting to self-
antigens and can be activated by cross-reacting environmental antigens. The 
mechanism that maintains immune tolerance and pre-vents these activated autoreactive 
T cells from causing autoimmune disease is unclear. We have previously hypothesized 
that activation-induced apoptosis of previously activated autoreactive T cells in the 
target organ is a major mechanism for maintaining tolerance. Here I review the current 
evidence to support this hypothesis. It is proposed that when activated autoreactive T 
cells enter the target organ, they are reactivated mainly by non-professional antigen-
presenting cells (APC) and deleted by activation-induced apoptosis through the Fas 
(CD95) pathway before producing significant target organ damage. This apoptosis 
occurs because the reactivated T cells do not receive sufficient costimulation from the 
non-professional APC to up-regulate their expression of Bcl-2-related anti-apoptotic 
proteins, which inhibit the CD95 pro-apoptotic pathway. This is in contrast to the 
situation in peripheral lymphoid organs, where reactivation of T cells by professional 
APC results in sufficient costimulation-induced up-regulation of Bcl-2-related 
proteins to inhibit the CD95 pathway and allow T cell proliferation and survival as 
memory T cells. Activation-induced apoptosis of alloreactive T cells in allografts can 
similarly account for spontaneous allograft acceptance, as occurs after MHC-
mismatched liver transplantation. 
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Introduction  
 
Tolerance 
 
All normal individuals have T lymphocytes capable of reacting to self-antigens. Because there is 
increasing evidence that T cells are much more cross-reactive than previously thought,1 it is likely 
that these autoreactive T cells are often primed by exposure to cross-reacting environmental 
antigens. Why then do normal individuals not develop autoimmune disease? The question of the 
mechanism of immune tolerance is an old one, but the evidence that T cells are highly cross-
reactive emphasizes the importance of immune tolerance in allowing normal function and survival 
of the body and its organs. Some definitions of immune tolerance make assumptions about the 
mechanism of tolerance and lead to confusion. In the present article, tolerance will be defined as 
the survival of the normal structure and function of a tissue or organ in the presence of an 
activated immune response against components of the tissue or organ. Immune tolerance applies not 
only to self-tolerance, but also to the spontaneous tolerance that develops after organ 
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transplantation, particularly of the liver. Explanations for immune tolerance that depend on 
sequestration of tissue-specific antigens are inadequate to account for immune tolerance, in view 
of the high level of T cell cross-reactivity. Autoreactive T cells activated by cross-reacting 
environmental antigens will enter any organ, including those with blood–tissue barriers such as the 
brain,2,3 and will eventually encounter their target antigen. 

A number of mechanisms have been proposed to maintain immune tolerance through the 
regulation of activated T cells. These include T cell anergy, regulatory T cells producing 
immunosuppressive cytokines and activation-induced T cell apoptosis in undefined sites.4 The 
present article will review the current evidence supporting our previously proposed hypothesis that 
activation-induced T cell apoptosis in the target organ is a major mechanism of immune 
tolerance.5,6 

 
Activation-induced T cell apoptosis 
 
The term ‘activation-induced apoptosis’ refers to the apoptosis of thymocytes or previously 
activated mature T cells, triggered by activation through the T cell receptor (TCR).7,8 Activation-
induced apoptosis of mature T cells is mediated through the activation of the Fas (CD95) pathway 
and related death receptor pathways.9–13 The CD95 pathway is activated by the ligation of cell 
surface CD95 by CD95 ligand (CD95L; also known as Fas ligand) and can occur by the 
interaction of CD95 and CD95L on the same T cell.10,11 T cell receptor ligation up-regulates CD95 
expression10,12 and induces the expression of CD95L.9,10,12 The intracellular signalling pathway for 
CD95 and related death receptors is dependent on the activity of a number of cysteine proteases 
(caspases).13 Ligation of CD95 by the homotrimeric CD95L results in the clustering of CD95 and 
the recruitment of the adaptor protein Fas-associated death domain (FADD) to the clustered CD95 
intracellular death domains. Caspase-8, an upstream caspase which binds to FADD, is then 
activated by self-cleavage as a result of induced oligomerization. 

Activated caspase-8 can mediate apoptosis via two pathways: (i) direct activation of 
downstream effector caspases (such as caspase-3) by direct cleavage; or (ii) indirect activation of 
downstream effector caspases by causing the release of cytochrome c from mitochondria.14 Bcl-2 
and Bcl-xL block downstream caspase activation and apoptosis mediated by the indirect CD95 
signalling pathway, but not by the direct pathway.14 The contributions of these two pathways vary 
among different cell types, probably owing to different levels of activated caspase-8 and its 
downstream substrates. It appears that some T cells use the direct pathway14,15 whereas other T 
cells use the indirect pathway.14 In the direct pathway, a large amount of caspase-8 is activated 
following CD95 cross-linking and this directly cleaves and thereby activates downstream caspases 
such as caspase-3, which mediate the final destruction of the cell including DNA cleavage and the 
morphological changes of apoptosis. In the indirect pathway, a small amount of activated caspase-8 
cleaves Bid, a Bcl-2-interacting protein, into a truncated form that promotes cytochrome c 
release from mitochondria, with the resultant activation of the downstream effector caspases such 
as caspase-3.16,17 It is also possible that truncated Bid may activate downstream caspases by a 
cytochrome c-independent pathway.16 Bid contains the Bcl-2 homologous domain 3 (BH3 
domain), through which it interacts with Bcl-2-related proteins that can inhibit the apoptotic 
changes induced by truncated Bid. The interaction of Bid with Bcl-2-related proteins can explain 
the inhibition of CD95-mediated apoptosis by Bcl-214,18,19 and Bcl-xL.14,20 

There is evidence that costimulation of previously activated T cells influences their survival. 
Costimulation by professional APC21,22 or by the direct ligation of CD2823 inhibits activation-
induced apoptosis of previously activated T cells. Interleukin (IL)-2, expression of which is 
increased by co-stimulation of previously activated T cells,24 increases the expression of Bcl-225,26 
and inhibits activation-induced apoptosis of previously activated T cells.22,27 Furthermore, CD28 
costimulation enhances the expression of Bcl-x,20,26 which can inhibit activation-induced T cell 
apoptosis.20 The inhibitory effect of Bcl-2-related proteins on activation-induced T cell death may 
be accounted for by their interaction with Bid and their inhibition of the CD95 pathway (see 
earlier). CD28 costimulation may also prevent the induction of CD95L expression.23 Therefore, 
whether TCR reactivation results in T cell death or survival depends on the balance between pro-
apoptotic and anti-apoptotic factors. Repeated TCR activation promotes the CD95 pro-apoptotic 
pathway, whereas costimulation promotes the Bcl-2-related anti-apoptotic pathway. It is probable 
that effector T cells are like other previously activated T cells in their dependence on costimulation 
for survival. Thus, the reactivation of effector T cells in the absence of costimulation may lead to 
final effector function and cell death, whereas the reactivation of effector T cells in the presence 
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of costimulation may allow ongoing effector function and eventual persistence as memory T cells. 
This would be consistent with the linear differentiation pathway model of memory T cell 
differentiation, in which memory T cells are derived directly from effector cells.28 Effector T cells 
may differ from other previously activated T cells only by having a shorter time interval since last 
being activated. 

The inhibitory action of IL-2 on activation-induced T cell apoptosis22,27 appears to contradict 
the observation that previous exposure to IL-2 increases the susceptibility to activation-induced 
apoptosis.29 This discrepancy can be explained by differences in the timing of IL-2 exposure. The 
increased susceptibility to activation-induced cell death of T cells previously exposed to IL-2 may 
be due to the IL-2-induced up-regulation of CD95L expression and suppression of the expression 
of FLICE (caspase-8)-inhibitory protein (FLIP), an inhibitor of CD95 signalling.30 Thus, previous 
activation through the TCR and IL-2 increases the susceptibility to activation-induced apoptosis, 
which can be overcome by further IL-2 at the time of reactivation of the TCR. The outcome of 
TCR reactivation is determined by the balance between proapoptotic and anti-apoptotic factors, 
which are influenced by the circumstances of previous and present T cell activation. 

The site of activation-induced apoptosis of previously activated T cells also needs to be 
considered. For autoreactive and all reactive T cells, the target organ is likely to be the site of 
activation-induced apoptosis for two reasons. First, the target organ contains the greatest amount 
of antigen recognized by the T cells. Second, it also contains non-professional APC, which can 
present this antigen to the TCR in the context of class I or class II major histocompatibility 
complex (MHC) molecules, but which fail to provide sufficient costimulation to inhibit activation-
induced apoptosis. We have previously hypothesized that activation-induced apoptosis of 
autoreactive T cells in the target organ following reactivation by non-professional APC is a general 
mechanism for maintaining T cell tolerance and protecting against autoimmune disease.5,6 A 
model for T cell tolerance depending on the lack of costimulation in the target organ has also been 
proposed by Matzinger.31 T cell apoptosis will now be considered in the various target organs in 
which it has so far been reported or implicated. 

 
T cell apoptosis in the central nervous system  
 
Experimental autoimmune encephalomyelitis 
 
Experimental autoimmune encephalomyelitis (EAE) is a T cell-mediated autoimmune 
demyelinating disease of the central nervous system (CNS) that is widely studied as a model of the 
human demyelinating disease multiple sclerosis.32 T cell apoptosis occurs in the CNS in rats with 
acute EAE and has been proposed to contribute to the spontaneous recovery from acute EAE and 
the development of tolerance.5,33,34 It is maximal at the time of spontaneous clinical recovery34–36 
and is a major mechanism for eliminating encephalitogenic T cells from the CNS.35–38 This T cell 
apoptosis is consistent with the relative lack of T cell proliferation in the CNS in acute EAE.39 It 
should be noted that macrophages,40–42 microglia41,42 and B cells (CA White et al., unpubl. obs., 
1999) also undergo apoptosis in the CNS in EAE. To study T cell apoptosis in the target organ, it is 
therefore essential to demonstrate apoptosis of cells expressing T cell markers rather than simply 
demonstrating apoptosis in an unlabelled inflammatory cell infiltrate. 

It has been proposed that the apoptotic deletion of auto-reactive T cells in the CNS is due to 
activation-induced apoptosis following reactivation by CNS non-professional APC, such as 
astrocytes or microglia, which fail to deliver the co-stimulatory signal needed to inhibit activation-
induced apoptosis.5,35,37 This is supported by studies showing that the T cell apoptotic process in the 
CNS selectively affects CNS-reactive T cells, whereas the activated non-CNS-reactive T cells that 
accumulate in the CNS in EAE recirculate to the peripheral lymphoid organs.35,37 It is also 
supported by the following additional in vivo observations. First, the apoptosis of auto-reactive T 
cells in the CNS in EAE is inhibited by the administration of glucocorticoid,43 which is known to 
antagonize activation-induced apoptosis in vitro, probably at least in part by reducing the 
expression of CD95L.44,45 Second, autoreactive T cells expressing CD95 or CD95L are highly 
vulnerable to apoptosis in the CNS in EAE, whereas autoreactive T cells expressing Bcl-2 are 
relatively protected from apoptosis.46 Third, the intraperitoneal administration of the soluble target 
antigen, myelin basic protein, markedly increases the level of CD95-dependent autoreactive T cell 
apoptosis in the CNS, but not in the peripheral lymphoid organs, and ameliorates the disease in 
rats with EAE.47 Given that the systemic administration of soluble myelin basic protein should 
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result in its distribution throughout lymphoid and non-lymphoid organs including the CNS, this 
finding indicates that the environment in the CNS is more conducive to activation-induced T cell 
apoptosis than the environment of the spleen or the lymph node draining the site of inoculation 
with myelin basic protein and adjuvants. One possible explanation is that professional APC in the 
peripheral lymphoid organs provide high levels of costimulation with resultant high T cell levels of 
anti-apoptotic proteins, such as Bcl-2, which inhibit CD95-mediated activation-induced apoptosis, 
whereas the predominantly non-professional APC in the CNS are unable to provide sufficient 
costimulation to inhibit this apoptosis. Autoreactive T cells in the CNS may also have higher 
levels of CD95 and CD95L expression than those in the peripheral lymphoid organs, because they 
are more likely to have been repeatedly activated by antigen. 

In vitro studies have implicated astrocytes and microglia as CNS non-professional APC that 
induce T cell apoptosis by their interactions with autoreactive T cells. Antigen presentation by 
astrocytes inhibits T cell proliferation48 and primes T cells for apoptosis.49 Antigen presentation to 
autoreactive CD4+ T cells by microglia results in T cell apoptosis which can be prevented by the 
addition of IL-2.27 The finding that apoptotic cells are more closely associated with astrocytes than 
with microglia in the CNS in EAE has been interpreted as indicating that astrocytes, rather than 
microglia, induce T cell apoptosis.50 However, the fact that microglia express considerably higher 
levels of class II MHC molecules than astrocytes in EAE and that this increases during the clinical 
course51 indicates that microglia are more likely than astrocytes to present antigen to T cells in 
vivo. 

The conclusion that the T cell apoptotic process in the CNS in EAE selectively affects CNS-
reactive T cells35–37 has recently been challenged by the finding that non-CNS-reactive T cells also 
undergo apoptosis in the CNS in acute EAE.38 However, the level of non-CNS-reactive T cell 
apoptosis appeared to be considerably less than the level of CNS-reactive T cell apoptosis and may 
be explained by the effects of the endogenous release of corticosterone, which occurs during 
spontaneous clinical recovery from moderate to severe EAE,52 but not from mild EAE.53 This is 
supported by the fact that adrenalectomy reduces T cell apoptosis in the CNS in EAE53 and that 
the administration of the glucocorticoid dexamethasone increases apoptosis of non-CNS-reactive, 
but not CNS-reactive, T cells.41,43 Thus, the T cell apoptosis in the CNS in EAE may be due to a 
combination of activation-induced apoptosis of CNS-reactive T cells and glucocorticoid-induced 
apoptosis of non-CNS-reactive T cells. The occurrence of T cell apoptosis in the CNS of bone 
marrow chimeras with EAE induced by the passive transfer of encephalitogenic T cells with a 
different MHC than the resident CNS cells has been interpreted as indicating that T cell apoptosis 
is not dependent on antigen presentation by CNS parenchymal glial cells.38 However, the TCR of 
the encephalitogenic T cells may still interact with the MHC–peptide complex of the CNS 
parenchymal cells in an alloreactive response because of the MHC mismatch and the 
encephalitogenic T cells may be deleted in the same way as T cells are deleted by apoptosis in liver 
transplants54 (see later). Bauer et al. have suggested that CNS-infiltrating T cells of any specificity 
are eliminated by apoptosis through an as yet undetermined mechanism.38 This concept has major 
implications for the maintenance of T cell memory for any antigen, as activated T cells (including 
memory cells) of any specificity can enter the normal or inflamed CNS and would be deleted 
there. This would lead to a progressive loss of memory T cells, particularly if the same process 
also occurred in other organs such as the testis and eye (see later). Such a non-specific deletion of 
all activated T cells would seem to be a poorly controlled waste of useful T cells that would not be 
favourable for the long-term survival of the whole animal. 

The earlier discussion has dealt with spontaneous recovery from acute EAE. Lewis rats that 
have recovered from acute EAE induced by immunization with myelin basic protein and adjuvants 
develop tolerance to myelin basic protein, as evidenced by the resistance to re-induction of EAE 
by active immunization.55 It has been suggested that ongoing activation-induced T cell apoptosis 
in the CNS may contribute to this tolerant state.5 The proportions of auto-reactive T cells 
expressing CD95 and CD95L in the CNS increase during the late recovery phase of EAE, raising 
the possibility that activation-induced apoptosis is enhanced in the previously inflamed CNS 
compared to the normal CNS because of the increased availability of myelin antigens following 
demyelination and the increased class II MHC expression by microglia.46 Increased activation-
induced apoptosis of T cells in previously inflamed regions of the CNS may account for the 
redistribution of lesions in subsequent milder or subclinical episodes of EAE induced by 
rechallenge, a phenomenon termed target organ resistance.56,57 Further studies are needed to 
determine to what extent activation-induced T cell apoptosis contributes to the tolerant state that 
develops after recovery from acute EAE.  
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Multiple sclerosis 
 
Multiple sclerosis is a chronic inflammatory demyelinating disease of the CNS that results in 
recurrent attacks, or some-times a progressive course, of neurological dysfunction. There is 
increasing evidence that multiple sclerosis is an autoimmune disease.58,59 Apoptotic T cells have 
been found in the CNS of patients with multiple sclerosis,60,61 but these may have been non-CNS-
reactive T cells dying by glucocorticoid-induced apoptosis. One study found that T cell apoptosis 
was strikingly infrequent.61 In these studies, apoptosis has been investigated by the detection of 
DNA fragments in situ using the terminal deoxyribonucleotidyl transferase-mediated dUTP-
digoxigenin nick end-labelling (TUNEL) assay. This technique does not discriminate among 
apoptosis, necrosis and postmortem autolysis.62,63 The problem can be overcome if it has already 
been determined by electron microscopy of well fixed tissue that cell death is occurring by 
apoptosis rather than by necrosis. However, it remains a potential problem for suboptimally fixed 
human tissue obtained post-mortem, where autolysis may lead to false-positive results for 
apoptosis. 

It has been hypothesized that multiple sclerosis is due to a genetically determined failure of 
activation-induced apoptosis of autoreactive T cells in the CNS.64 Activation-induced T cell 
apoptosis may fail in the CNS because of two broad types of abnormality. First, there may be an 
abnormality in CNS APC with increased costimulatory ability or possibly decreased CD95L 
expression by these APC. Second, there may be an abnormality in the T cells leading to 
underactivity of the pro-apoptotic CD95 pathway or overactivity of the anti-apoptotic Bcl-2-
related protein family. Further studies are needed to determine whether there is a failure of T cell 
apoptosis in the CNS in multiple sclerosis. 

 
T cell apoptosis in the peripheral nervous system 
 
Experimental autoimmune neuritis is a T cell-mediated auto-immune demyelinating disease of the 
peripheral nervous system. T cell apoptosis occurs in the peripheral nervous system of rats with 
acute experimental autoimmune neuritis.65,66 It is maximal at the time of spontaneous clinical 
recovery and has been suggested to contribute to the recovery process and monophasic clinical 
course. The intravenous administration of the target antigen, P2 protein, markedly increases the 
level of T cell apoptosis in the peripheral nervous system and ameliorates the disease, indicating 
that the apoptosis is due to activation-induced cell death of autoreactive T cells.67 The 
administration of glucocorticoid also increases the level of T cell apoptosis in the peripheral 
nervous system in experimental autoimmune neuritis68 but it has not been determined whether this 
involves the autoreactive or non-autoreactive T cells. 
 
T cell apoptosis in the liver  
 
Autoreactive T cells 
 
Apoptotic inflammatory cells are present in the liver of irradiated transgenic mice that express H-
2Kb in the liver and have been injected with lymph node cells from transgenic mice expressing in 
their T cells a Kb-specific TCR.69 It has been suggested that these apoptotic cells are autoreactive 
(Kb-specific) CD8+ T cells that have been deleted in the liver.69 It has also been proposed that 
naive autoreactive CD8+ T cells circulate to the liver and undergo apoptosis after being activated 
by hepatocytes which act as non-professional APC.70 However, an alternative explanation is that 
the Kb transgene is processed in the draining lymph nodes (as can occur with other self-
antigens71), where it activates the Kb-specific T cells in the context of the background class I MHC 
(H-2k) molecules and the activated Kb-specific T cells then enter the liver, where they are 
reactivated and deleted after interacting with hepatocytes or other non-professional APC 
presenting Kb in the context of the background H-2k molecules. 
 
Alloreactive T cells 
Major histocompatibility complex-mismatched liver allografts are often accepted spontaneously, 
in contrast to the rejection of other MHC-mismatched organs, such as the skin, heart and kidney.72 
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Apoptosis of inflammatory cells is prominent in spontaneously accepted liver allografts and is 
associated with a decline in the cytotoxic T lymphocyte activity of the graft-infiltrating cells.54 
The administration of IL-2 inhibits the apoptosis, increases the cytotoxic T lymphocyte activity of 
the graft-infiltrating cells and induces acute graft rejection. On the basis of these results, it has 
been suggested that T cell apoptosis in the liver may be responsible for spontaneous liver allograft 
acceptance.54 These findings are consistent with activation-induced apoptosis of alloreactive T 
cells in the liver, following interaction of the T cells with MHC-expressing hepatocytes that fail to 
provide the costimulation required to up-regulate the T cell levels of antiapoptotic Bcl-2-related 
proteins. The administration of IL-2 would increase the T cell levels of these anti-apoptotic pro-
teins and inhibit the T cell apoptosis, with resultant rejection of the allograft. The spontaneous 
rejection of other trans-planted organs, such as skin and heart, may be related to the smaller size 
and lower antigen load (from parenchymal cells and passenger leucocytes) of these organs.72 
Thus, in small allografts the alloreactive T cells may destroy the transplanted organ before the 
majority of these T cells have been deleted by activation-induced apoptosis. The spontaneous 
acceptance of multiple heart and kidney grafts in a single recipient that would rapidly reject these 
organs if they were transplanted singly73 is consistent with this concept. 
 
Possible role of T cell apoptosis in other organs  
 
Eye 
Apoptosis of inflammatory cells occurs in the anterior chamber of the eye infected by herpes 
simplex virus.74 This apoptosis is not observed in mutant mice lacking CD95 or CD95L 
expression, indicating that it is mediated through the CD95 pathway. Studies on radiation bone 
marrow chimeras have suggested that CD95L expression by resident cells of the eye inhibits 
inflammation and, by inference, is involved in the apoptotic process,74 although the role of CD95L 
expression by T cells was not examined. It was concluded that an interaction between CD95L-
expressing cells of the eye and CD95-expressing lymphocytes is responsible for this apoptosis and 
for the ‘immune privilege’ of the eye.74 According to this concept, activated T cells of all 
specificities would be deleted in the eye, which would have implications for the maintenance of T 
cell memory for all antigens, as discussed earlier for the proposal that activated T cells of any 
specificity are deleted in the CNS. An alternative possibility is that the main mechanism for T cell 
apoptosis in the eye is activation-induced apoptosis mediated by the inter-action of CD95 and 
CD95L on the same T cell, as has been proposed to occur in the CNS.46,47 This would result in the 
deletion of T cells encountering their specific antigen in the eye, but not in the deletion of other T 
cells. 
 
Testis 
One study has reported that testicular grafts expressing CD95L survive, whereas those not 
expressing CD95L are rejected when transplanted into allogeneic mice.75 Although apoptosis was 
not assessed, the authors concluded that an interaction between CD95L on testicular cells and 
CD95 on infiltrating T cells resulted in apoptosis of alloreactive T cells and graft acceptance and 
was responsible for the ‘immune privilege’ of the testis. Another study found that CD95L 
expression did not protect the testis from rejection.76 Further studies are needed to determine 
whether T cell apoptosis occurs in the testis, particularly in experimental autoimmune orchitis. 
 
Ovary 
Experimental autoimmune oophoritis is an autoimmune CD4+ T cell-mediated ovarian disease that 
is studied as a model of human premature ovarian failure. As in the case of acute EAE, mice 
immunized with a peptide of ZP3, a major glycoprotein in the zona pellucida, together with 
adjuvants, spontaneously recover from the disease and become resistant to disease reinduction.77 
Interestingly, although the previously inflamed endogenous ovaries are resistant to reinduction of 
disease, ovaries implanted after disease recovery are susceptible to oophoritis, indicating target 
organ resistance.77 The mechanism of target organ resistance has not been deter-mined, but one 
possible explanation is that there is increased activation-induced apoptosis of autoreactive T cells 
in the previously inflamed ovary as a result of increased availability of ovarian antigen and 
increased parenchymal class II MHC expression. It should be noted that the impact of activation-
induced apoptosis in the ovary on the peripheral lymphoid pool of ovary-reactive T cells may be 
considerably less than the impact of this process in the CNS on the peripheral lymphoid pool of 
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CNS-reactive T cells, because the smaller size of the ovary would result in it being a less effective 
‘sink’ for the elimination of ovary-reactive T cells. 
 
Salivary glands in primary Sjögren’s syndrome and synovia in rheumatoid arthritis 
Primary Sjögren’s syndrome is a chronic autoimmune disease characterized by T cell infiltration of 
the exocrine glands, including the salivary and lacrimal glands. One study found a low level of 
lymphocyte apoptosis in the periductal inflammatory foci of the salivary glands, compared with 
that in the interstitium.78 The authors suggested that impaired T cell apoptosis in the salivary gland 
may explain the chronic nature of the lesions. It has also been reported that there is a lack of T cell 
apoptosis in the inflammatory infiltrates in the synovia of patients with rheumatoid arthritis.79,80 

 
How does activation-induced apoptosis of antiviral T cells in the infected 
organ not prevent viral clearance? 
 
It would be expected that T cells directed against infectious agents would be deleted by activation-
induced apoptosis in infected organs. Apoptosis of inflammatory cells occurs in the virally 
infected CNS,81 eye74 and liver,82 although it has not been determined whether antiviral T cells are 
involved. How does activation-induced apoptosis of antiviral T cells in the infected organ not 
prevent viral clearance when the same apoptotic process in autoreactive T cells prevents auto-
immune disease? The most obvious explanation is the difference in antigen load. In the virally 
infected organ the total amount of viral antigen is likely to be much less than the total amount of 
individual major self-antigens. Thus, the antiviral T cells would be expected to clear the virus 
from the organ before a significant proportion of these T cells is eliminated by activation-induced 
apoptosis; once virus is cleared the antiviral T cells would continue to recirculate as memory cells. 
It is also possible that viral infection induces the expression of costimulatory molecules on 
normally non-professional parenchymal APC and that the costimulation up-regulates the levels of 
anti-apoptotic Bcl-2-related proteins in the antiviral T cells and thus inhibits T cell apoptosis. 
 
Conclusion 
In conclusion, there is increasing evidence that activation-induced apoptosis of previously activated 
autoreactive T cells in the target organ maintains immune tolerance and prevents autoimmune disease. 
Similarly, activation-induced apoptosis of alloreactive T cells in allografts can account for spontaneous 
allograft acceptance. 
 
Acknowledgements 
The author’s research work in this field was supported by the National Health and Medical Research Council 
of Australia and the National Multiple Sclerosis Society of Australia. 
 
References 
1 Mason D. A very high level of crossreactivity is an essential feature of the T-cell receptor. Immunol. Today 1998; 19: 

395–404.  
2 Wekerle H, Linington C, Lassmann H, Meyermann R. Cellular immune reactivity within the CNS. Trends Neurosci. 

1986; 9: 271–7.  
3 Hickey WF, Hsu BL, Kimura H. T-lymphocyte entry into the central nervous system. J. Neurosci. Res. 1991; 28: 254– 

60.  
4 Van Parijs L, Abbas AK. Homeostasis and self-tolerance in the immune system: Turning lymphocytes off .  Science 

1998; 280: 243–8.  
5 Pender MP, McCombe PA, Yoong G, Nguyen KB. Apoptosis of αβ T lymphocytes in the nervous system in 

experimental autoimmune encephalomyelitis: Its possible implications for recovery and acquired tolerance. J. 
Autoimmun. 1992; 5: 401–10. 

6 Pender MP. Apoptosis in the target organ of an autoimmune disease. In: Lavin M, Watters D (eds). Programmed Cell 
Death: The Cellular and Molecular Biology of Apoptosis. Chur: Harwood Academic Publishers, 1993; 235–44. 

7 Smith CA, Williams GT, Kingston R, Jenkinson EJ, Owen JJT. Antibodies to CD3/T-cell receptor complex induce 
death by apoptosis in immature T cells in thymic cultures. Nature 1989; 337: 181–4. 

8 Russell JH, White CL, Loh DY, Meleedy-Rey P. Receptor-stimulated death pathway is opened by antigen in mature T 
cells. Proc. Natl Acad. Sci. USA 1991; 88: 2151–5. 

9 Alderson MR, Tough TW, Davis-Smith T et al. Fas ligand mediates activation-induced cell death in human T 
lymphocytes. J. Exp. Med. 1995; 181: 71–7. 

10 Brunner T, Mogil RJ, LaFace D et al. Cell-autonomous Fas (CD95)/Fas-ligand interaction mediates activation-induced 
apoptosis in T-cell hybridomas. Nature 1995; 373: 441–4. 

11 Dhein J, Walczak H, Bdumler C, Debatin K-M, Krammer PH. Autocrine T-cell suicide mediated by APO-

http://dx.doi.org/10.1046/j.1440-1711.1999.00818.x


Immunology and Cell Biology (1999) 77 (3) : 216–223. http://dx.doi.org/10.1046/j.1440-1711.1999.00818.x 
 

1/(Fas/CD95). Nature 1995; 373: 438–41. 
12 Ju S-T, Panka DJ, Cui H et al. Fas(CD95)/FasL interactions required for programmed cell death after T-cell activation. 

Nature 1995; 373: 444–8. 
13 Ashkenazi A, Dixit VM. Death receptors: Signaling and modulation. Science 1998; 281: 1305–8. 
14 Scaffidi C, Fulda S, Srinivasan A et al. Two CD95 (APO-1/Fas) signaling pathways. EMBO J. 1998; 17: 1675–87. 
15 Strasser A, Harris AW, Huang DCS, Krammer PH, Cory S. Bcl-2 and Fas/APO-1 regulate distinct pathways to 

lymphocyte apoptosis. EMBO J. 1995; 14: 6136–47. 
16 Li H, Zhu H, Xu C-J, Yuan J. Cleavage of BID by caspase 8 mediates the mitochondrial damage in the Fas pathway of 

apoptosis. Cell 1998; 94: 491–501. 
17 Luo X, Budihardjo I, Zou H, Slaughter C, Wang X. Bid, a Bcl2 interacting protein, mediates cytochrome c release 

from mitochrondria in response to activation of cell surface death receptors. Cell 1998; 94: 481–90. 
18 Itoh N, Tsujimoto Y, Nagata S. Effect of bcl-2 on Fas antigen-mediated cell death. J. Immunol. 1993; 151: 621–7. 
19 Lee RK, Spielman J, Podack ER. bcl-2 protects against Fas-based but not perforin-based T cell-mediated cytolysis. 

Int. Immunol. 1996; 8: 991–1000. 
20 Boise LH, Minn AJ, Noel PJ et al. CD28 costimulation can promote T cell survival by enhancing the expression of 

Bcl-xL. Immunity 1995; 3: 87–98. 
21 Liu Y, Janeway CA. Interferon y plays a critical role in induced cell death of effector T cell: A possible third mechanism 

of self-tolerance. J. Exp. Med. 1990; 172: 1735–9. 
22 Groux H, Monte D, Plouvier B, Capron A, Ameisen J-C. CD3-mediated apoptosis of human medullary thymocytes and 

activated peripheral T cells: Respective roles of interleukin-1, interleukin-2, interferon- y and accessory cells. Eur. J. 
Immunol. 1993; 23: 1623–9. 

23 Collette Y, Razanajaona D, Ghiotto M, Olive D. CD28 can promote T cell survival through a phosphatidylinositol 3-
kinase-independent mechanism. Eur. J. Immunol. 1997; 27: 3283–9. 

24 Schweitzer AN, Sharpe AH. Studies using antigen-presenting cells lacking expression of both B7-1 (CD80) and B7-2 
(CD86) show distinct requirements for B7 molecules during priming versus restimulation of Th2 but not Th1 cytokine 
production. J. Immunol. 1998; 161: 2762–71. 

25 Deng G, Podack ER. Suppression of apoptosis in a cytotoxic T-cell line by interleukin 2-mediated gene transcription 
and deregulated expression of the protooncogene bcl-2. Proc. Natl Acad. Sci. USA 1993; 90: 2189–93. 

26 Mueller DL, Seiffert S, Fang W, Behrens TW. Differential regulation of bcl-2 and bcl-x by CD3, CD28, and the IL-2 
receptor in cloned CD4+ helper T cells: A model for the long-term survival of memory cells. J. Immunol. 1996; 156: 
1764–71. 

27 Ford AL, Foulcher E, Lemckert FA, Sedgwick JD. Microglia induce CD4 T lymphocyte final effector function and 
death. J. Exp. Med. 1996; 184: 1737–45. 

28 Ahmed R, Gray D. Immunological memory and protective immunity: Understanding their relation. Science 1996; 272: 
54–60. 

29 Lenardo MJ. Interleukin-2 programs mouse αβ T lymphocytes for apoptosis. Nature 1991; 353: 858–61. 
30 Refaeli Y, Van Parijs L, London CA, Tschopp J, Abbas AK. Biochemical mechanisms of IL-2-regulated Fas-mediated T 

cell apoptosis. Immunity 1998; 8: 615–23. 
31 Matzinger P. Tolerance, danger, and the extended family. Annu. Rev. Immunol. 1994; 12: 991–1045. 
32 Pender MP. Experimental autoimmune encephalomyelitis. In: Pender MP, McCombe PA (eds). Autoimmune 

Neurological Disease. Cambridge: Cambridge University Press, 1995; 26–88. 
33 Pender MP, Nguyen KB, McCombe PA, Kerr JFR. Apoptosis in the nervous system in experimental allergic 

encephalomyelitis. J. Neurol. Sci. 1991; 104: 81–7. 
34 Schmied M, Breitschopf H, Gold R et al. Apoptosis of T lymphocytes in experimental autoimmune encephalomyelitis: 

Evidence for programmed cell death as a mechanism to control inflammation in the brain. Am. J. Pathol. 1993; 143: 
446–52. 

35 Tabi Z, McCombe PA, Pender MP. Apoptotic elimination of Vβ 8.2+ cells from the central nervous system during 
recovery from experimental autoimmune encephalomyelitis induced by the passive transfer of Vβ 8.2+ 
encephalitogenic T cells. Eur. J. Immunol. 1994; 24: 2609–17. 

36 McCombe PA, Nickson I, Tabi Z, Pender MP. Apoptosis of Vβ 8.2+ T lymphocytes in the spinal cord during recovery 
from experimental autoimmune encephalomyelitis induced in Lewis rats by inoculation with myelin basic protein. J. 
Neurol. Sci. 1996; 139: 1–6. 

37 Tabi Z, McCombe PA, Pender MP. Antigen-specific down-regulation of myelin basic protein-reactive T cells during 
spontaneous recovery from experimental autoimmune encephalomyelitis: Further evidence of apoptotic deletion of 
auto-reactive T cells in the central nervous system. Int. Immunol. 1995; 7: 967–73. 

38 Bauer J, Bradl M, Hickey WF et al. T-cell apoptosis in inflammatory brain lesions: Destruction of T cells does not 
depend on antigen recognition. Am. J. Pathol. 1998; 153: 715–24. 

39 Ohmori K, Hong Y, Fujiwara M, Matsumoto Y. In situ demonstration of proliferating cells in the rat central nervous 
system during experimental autoimmune encephalomyelitis: Evidence suggesting that most infiltrating T cells do not 
proliferate in the target organ. Lab. Invest. 1992; 66: 54–62. 

40 Nguyen KB, McCombe PA, Pender MP. Macrophage apoptosis in the central nervous system in experimental 
autoimmune encephalomyelitis. J. Autoimmun. 1994; 7: 145–52. 

41 Nguyen KB, McCombe PA, Pender MP. Increased apoptosis of T lymphocytes and macrophages in the central and 
peripheral nervous systems of Lewis rats with experimental autoimmune encephalomyelitis treated with 
dexamethasone. J. Neuropathol. Exp. Neurol. 1997; 56: 58–69. 
42 White CA, McCombe PA, Pender MP. Microglia are more susceptible than macrophages to apoptosis in the central 
nervous system in experimental autoimmune encephalomyelitis through a mechanism not involving Fas (CD95). Int. 
Immunol. 1998; 10: 935–41. 

http://dx.doi.org/10.1046/j.1440-1711.1999.00818.x


Immunology and Cell Biology (1999) 77 (3) : 216–223. http://dx.doi.org/10.1046/j.1440-1711.1999.00818.x 
 

43 McCombe PA, Nickson I, Tabi Z, Pender MP. Corticosteroid treatment of experimental autoimmune encephalomyelitis 
in the Lewis rat results in loss of Vβ 8.2+ and myelin basic protein-reactive cells from the spinal cord, with increased 
total T-cell apoptosis but reduced apoptosis of Vβ 8.2+ cells. J. Neuroimmunol. 1996; 70: 93–101. 

44 Zacharchuk CM, Mer´cep M, Chakraborti PK, Simons SS, Ashwell JD. Programmed T lymphocyte death: Cell 
activation-and steroid-induced pathways are mutually antagonistic. J. Immunol. 1990; 145: 4037–45. 

45 Yang Y, Merćep M, Ware CF, Ashwell JD. Fas and activation-induced Fas ligand mediate apoptosis of T cell 
hybridomas: Inhibition of Fas ligand expression by retinoic acid and glucocorticoids. J. Exp. Med. 1995; 181: 1673–
82. 

46 White CA, McCombe PA, Pender MP. The roles of Fas, Fas ligand and Bcl-2 in T cell apoptosis in the central nervous 
system in experimental autoimmune encephalomyelitis. J. Neuroimmunol. 1998; 82: 47–55. 

47 Ishigami T, White CA, Pender MP. Soluble antigen therapy induces apoptosis of autoreactive T cells preferentially in 
the target organ rather than in the peripheral lymphoid organs. Eur. J. Immunol. 1998; 28: 1626–35. 

48 Matsumoto Y, Ohmori K, Fujiwara M. Immune regulation by brain cells in the central nervous system: Microglia but 
not astrocytes present myelin basic protein to encephalitogenic T cells under in vivo-mimicking conditions. 
Immunology 1992; 76: 209–16. 

49 Gold R, Schmied M, Tontsch U et al. Antigen presentation by astrocytes primes rat T lymphocytes for apoptotic cell 
death: A model for T-cell apoptosis in vivo. Brain 1996; 119: 651–9. 

50 Kohji T, Tanuma N, Aikawa Y et al. Interaction between apoptotic cells and reactive brain cells in the central nervous 
system of rats with autoimmune encephalomyelitis. J. Neuroimmunol. 1998; 82: 168–74. 

51 Matsumoto Y, Hara N, Tanaka R, Fujiwara M. Immunohistochemical analysis of the rat central nervous system during 
experimental allergic encephalomyelitis, with special reference to Ia-positive cells with dendritic morphology. J. 
Immunol. 1986; 136: 3668–76. 

52 MacPhee IAM, Antoni FA, Mason DW. Spontaneous recovery of rats from experimental allergic encephalomyelitis is 
dependent on regulation of the immune system by endogenous adrenal corticosteroids. J. Exp. Med. 1989; 169: 431–45. 

53 Smith T, Schmied M, Hewson AK, Lassmann H, Cuzner ML. Apoptosis of T cells and macrophages in the central 
nervous system of intact and adrenalectomized Lewis rats during experimental allergic encephalomyelitis. J. 
Autoimmun. 1996; 9: 167–74. 

54 Qian S, Lu L, Fu F et al. Apoptosis within spontaneously accepted mouse liver allografts: Evidence for deletion of 
cytotoxic T cells and implications for tolerance induction. J. Immunol. 1997; 158: 4654–61. 

55 Willenborg DO. Experimental allergic encephalomyelitis in the Lewis rat: Studies on the mechanism of recovery from 
disease and acquired resistance to reinduction. J. Immunol. 1979; 123: 1145–50. 

56 Levine S, Hoenig EM, Wenk EJ. Altered distribution of lesions after repeated passive transfers of allergic 
encephalomyelitis. Proc. Soc. Exp. Biol. Med. 1967; 126: 454–8. 

57 Levine S, Sowinski R. Experimental allergic encephalomyelitis: Inhibition of clinical signs and paradoxical enhancement of  
lesions in second attacks. Am. J. Pathol. 1980; 101: 375–86. 

58 Martin R, McFarland HF. Immunological aspects of experimental allergic encephalomyelitis and multiple sclerosis. 
Crit. Rev. Clin .  Lab. Sci. 1995; 32: 121–82. 

59 Pender MP. Multiple sclerosis. In: Pender MP, McCombe PA (eds). Autoimmune Neurological Disease. Cambridge: 
Cam-bridge University Press, 1995; 89–154. 

60 Ozawa K, Suchanek G, Breitschopf H et al. Patterns of oligodendroglia pathology in multiple sclerosis. Brain 1994; 
117: 1311–22. 

61 Dowling P, Husar W, Menonna J, Donnenfeld H, Cook S, Sidhu M. Cell death and birth in multiple sclerosis brain. J. 
Neurol. Sci. 1997; 149: 1–11. 

62 Charriaut-Marlangue C, Ben-Ari Y. A cautionary note on the use of the TUNEL stain to determine apoptosis. 
Neuroreport 1995; 7: 61–4. 

63 Grasl-Kraupp B, Ruttkay-Nedecky B, Koudelka H, Bukowska K, Bursch W, Schulte-Hermann R. In situ detection of 
fragmented DNA (TUNEL assay) fails to discriminate among apoptosis, necrosis, and autolytic cell death: A 
cautionary note. Hepatology 1995; 21: 1465–8. 

64 Pender MP. Genetically determined failure of activation-induced apoptosis of autoreactive T cells as a cause of multiple 
sclerosis. Lancet 1998; 351: 978–81. 

65 Zettl UK, Gold R, Hartung H-P, Toyka KV. Apoptotic cell death of T-lymphocytes in experimental autoimmune neuritis 
of the Lewis rat. Neurosci. Lett. 1994; 176: 75–9. 

66 Zettl UK, Gold R, Toyka KV, Hartung H-P. In situ demonstration of T cell activation and elimination in the peripheral 
nervous system during experimental autoimmune neuritis in the Lewis rat. Acta  Neuropathol. 1996; 91: 360–7. 

67 Weishaupt A, Gold R, Gaupp S, Giegerich G, Hartung H-P, Toyka KV. Antigen therapy eliminates T cell 
inflammation by apoptosis: Effective treatment of experimental autoimmune neuritis with recombinant myelin protein 
P2. Proc. Natl Acad. Sci. USA 1997; 94: 1338–43. 

68 Zettl UK, Gold R, Toyka KV, Hartung H-P. Intravenous glucocorticosteroid treatment augments apoptosis of 
inflammatory T cells in experimental autoimmune neuritis (EAN) of the Lewis rat. J. Neuropathol. Exp. Neurol. 
1995; 54: 540–7. 

69 Bertolino P, Heath WR, Hardy CL, Morahan G, Miller JFAP. Peripheral deletion of autoreactive CD8+ T cells in 
transgenic mice expressing H-2Kb in the liver. Eur. J. Immunol. 1995; 25: 1932–42. 

70 Bertolino P, Trescol-Biémont M-C, Rabourdin-Combe C. Hepatocytes induce functional activation of naive CD8+ T 
lymphocytes but fail to promote survival. Eur. J. Immunol. 1998; 28: 221–36. 

71 Kurts C, Heath WR, Carbone FR, Allison J, Miller JFAP, Kosaka H. Constitutive class I-restricted exogenous 
presentation of self antigens in vivo. J. Exp. Med. 1996; 184: 923–30. 

72 Bishop GA, Sun J, Sheil AGR, McCaughan GW. High-dose/ activation-associated tolerance: A mechanism for 
allograft tolerance. Transplantation 1997; 64: 1377–82. 

73 Sun J, Sheil AGR, Wang C et al. Tolerance to rat liver allografts. IV. Acceptance depends on the quantity of donor 

http://dx.doi.org/10.1046/j.1440-1711.1999.00818.x


Immunology and Cell Biology (1999) 77 (3) : 216–223. http://dx.doi.org/10.1046/j.1440-1711.1999.00818.x 
 

tissue and on donor leukocytes. Transplantation 1996; 62: 1725–30. 
74 Griffith TS, Brunner T, Fletcher SM, Green DR, Ferguson TA. Fas ligand-induced apoptosis as a mechanism of 

immune privilege. Science 1995; 270: 1189–92. 
75 Bellgrau D, Gold D, Selawry H, Moore J, Franzusoff A, Duke RC. A role for CD95 ligand in preventing graft rejection. 

Nature 1995; 377: 630–2. 
76 Allison J, Georgiou HM, Strasser A, Vaux DL. Transgenic expression of CD95 ligand on islet R cells induces a 

granulocytic infiltration but does not confer immune privilege upon islet allografts. Proc. Natl Acad. Sci. USA 1997; 
94: 3943–7. 

77 Lou Y-H, McElveen F, Adams S, Tung KSK. Altered target organ: A mechanism of postrecovery resistance to murine 
autoimmune oophoritis. J. Immunol. 1995; 155: 3667–73. 

78 Kong L, Ogawa N, Nakabayashi T et al. Fas and Fas l igand expression in the salivary glands of patients with primary 
Sjögren’s syndrome. Arthritis Rheum. 1997; 40: 87–97. 

79 Firestein GS, Yeo M, Zvaifler NJ. Apoptosis in rheumatoid arthritis synovium. J. Clin. Invest. 1995; 96: 1631–8. 
80 Nakajima T, Aono H, Hasunuma T et al. Apoptosis and functional Fas antigen in rheumatoid arthritis synoviocytes. 

Arthritis Rheum. 1995; 38: 485–91. 
81 Barac-Latas V, Wege H, Lassmann H. Apoptosis of T lymphocytes in coronavirus-induced encephalomyelitis. 

Regional Immunol. 1994; 6: 355–7. 
82 Nuti S, Rosa D, Valiante NM et al. Dynamics of intra-hepatic lymphocytes in chronic hepatitis C: Enrichment for 

Vα24+ T cells and rapid elimination of effector cells by apoptosis. Eur. J. Immunol. 1998; 28: 3448–55. 
 

 
 

http://dx.doi.org/10.1046/j.1440-1711.1999.00818.x

