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1. INTRODUCTION 

The immune system exists to protect the body from infection by a plethora of 
microorganisms, including bacteria, viruses, and parasites. This is accomplished by a 
variety of interdependent methods. The skin is an often overlooked but extremely effective 
barrier to infection, and is one of several innate mechanisms of immunity. NK cells, which 
appear to primarily recognize changes in the levels of major histocompatability complex 
class I (MHC cI) molecules expressed on cells within the body, represent another form of 
innate immunity. They represent a form of innate immunity because while they can protect 
the body against tumor cells or virally-infected cells, which often have altered levels of 
MHC cI expression, they have no "memory" of a given prior viral infection or particular 
type of tumor. This contrasts with T cells and B cells which comprise the specific immune 
response. A given T cell or B cell and its clonal progeny are all specific for a given foreign 
microbial antigen, and furthermore, can "remember" a prior encounter with that antigen and 
effectively remove it much more quickly upon secondary exposure to the antigen. This 
phenomena is the basis for vaccination. Thus, after vaccination with exposure to antigens 
from a particular virus or bacterium with adjuvant, there is activation and expansion of T 
cells and B cells with specific receptors for those particular antigens. If some years later the 
same individual is exposed to the infectious virus or bacteria, the T cells and B cells which 
have been previously activated and expanded will be mobilized very quickly and in most 
cases eliminate the infectious agent before it can do any harm to the body. 

B cells and T cells respond to foreign antigens in fundamentally different ways. A B 
cell responds to a foreign antigen using a membrane-bound immunoglobulin (mIg) 
molecule as its receptor. This mIg receptor directly recognizes conformationally dependent 
stretches (epitopes) of a portion of foreign bacterial or viral protein. In marked contrast to B 
cells, T cells are critically dependent upon antigen presenting cells (APCs) such 
macrophages, dendritic cells, and B cells for their activation. T helper cells recognize short 
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linear fragments of processed foreign antigens (peptides) presented on the surface of APCs 
by MHC class II (MHC clI) molecules. 

While it is relatively easy for us to conceive of a protein fragment from a bacterium 
or virus as being foreign, it is not as readily apparent to the immune system. There is, after 
all, no inherent biochemical or structural difference between a protein fragment derived 
from a damaged cell within the body and a fragment of membrane from a virus. Yet the 
immune system must manage to reliably and consistently be in an activated state only in 
response to the viral protein fragment and not the fragment from its own tissues. This 
explains the necessity for immune tolerance, that is, the ability for the immune system to be 
tolerant of antigens from its own tissues yet respond to antigens from environmental 
sources, including bacteria, viruses, and parasites. 

When an individual's immune system begins to attack its own tissue(s), we assume 
that immune tolerance has broken down and autoimmunity has developed. While there are 
many different autoimmune diseases, they do not all necessarily stem from similar defects 
in the maintenance of immune tolerance. Self antigens can induce tolerance by a variety of 
different mechanisms, and it is incumbent upon us to determine which mechanisms are 
defective in particular autoimmune diseases. 

2. T CELL TOLERANCE IMPOSED BY THYMIC SELECTION 

T cells must be able to recognize self MHC molecules presenting foreign antigens, 
yet during T cell selection within the thymus MHC molecules presenting predominantly 
self antigens are present to achieve this result. Two critical factors allow this goal to be 
achieved. First, T cell reactivity to foreign antigens is achieved by recognition of MHC 
molecules presenting cross-reactive self antigens, a process termed "positive selection," 
giving rise to thymocytes that are inherently autoreactive. Second, "negative selection" 
mediated by the same MHC complexes presenting self antigens eliminates all highly 
autoreactive thymocytes before they emigrate to the periphery as mature T cells. This 
process of negative selection is arguably the most important mechanism of ensuring 
immune tolerance. The following sections will first briefly describe the evidence for 
positive and negative T cell selection, and then focus on these two critical aspects of T cell 
selection, which are responsible for inducing central T cell tolerance. 

2.1. Evidence for Positive and Negative Selection 

The discovery of what has been termed "MHC restriction" was made by several 
groups throughout the 1970's and led to the award of two Nobel prizes. In the early 1970's 
Shreffler and Benaceraf determined that there was a requirement for a common MHC 
molecule for effective T cell:B cell interactions in adoptive transfer models of immunity in 
which B cells or T cells from one inbred strain of mice were transferred into another strain 
of irradiated recipient mice. In 1973 Shevach demonstrated that proliferative responses to 
antigen required MHC-matched APCs used to present antigen to the responding T cells. 
Using a newly developed in vitro cytotoxic assay for CD8+ T cells, Doherty and 
Zinkemagel similarly demonstrated MHC-restriction in the generation of anti-viral 
cytotoxic T lymphocyte (CTL) responses. Recent advances in technologies which allow the 
deletion of a particular gene (gene knockout mice) or which allow the constitutive 
expression of a gene of interest (transgenic mice) have allowed the role of the thymus in 
inducing central tolerance ahd imparting MHC restriction to be characterized more fully. 
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2.2. Anatomy and Location ofT cell Selection 

T cell specificity for self MHC molecules has been examined using a variety of 
approaches, including the use ofMHC cI- and MHC clI-deficient mice and TCR transgenic 
mice in which the fate of the T cell repertoire with a single specificity can easily be 
evaluated. Bone marrow chimeric mice, in which bone marrow with a given MHC 
background from one mouse is used to reconstitute the immune system of a second strain 
of mice with a different, defined MHC specificity, have also been used extensively to 
elucidate the mechanisms of T cell positive and negative selection. Numerous 
investigations have collectively demonstrated that MHC restriction is determined by the 
MHC of the host thymus and is the result of positive selection. Taking advantage of MHC 
clI knockout mice and bone marrow chimeric mice expressing peptide/MHC clI complexes 
on either thymic stromal cells or on bone-marrow-derived hematopoetic cells, Glimcher 
and colleagues found that positive selection occurred only when peptide/MHC clI 
complexes were expressed by thymic stromal cells. I In an elegant follow-up study, this 
group used their peptide/MHC clI knockout mice and selectively reintroduced MHC cII 
complexes only on the thymic cortical epithelium (the medullary epithelium and bone 
marrow-derived cells were MHC II negative).2 CD4+ cells were positively s~lected but no 
clonal deletion occurred. In vitro experiments demonstrated that cells from these mice 
proliferated vigorously to self APCs (were autoreactive), consistent with a lack of negative 
selection. Subsequent in vivo experiments demonstrated that adoptive transfer of these 
autoreactive T cells into irradiated syngeneic mice induced graft-versus-host disease 
(GVHD), and when transferred into non-irradiated syngeneic mice, induced 
hypergammaglobulinemia and autoantibody production.} These results convincingly 
demonstrate that positive selection in the absence of negative selection leads to generation 
of a polyclonal, pathogenic, auto reactive T cell repertoire. 

While Glimcher and colleagues found that bone marrow-derived dendritic cells 
were not involved in positive selection, they did play a role in negative selection. In 
addition, several groups have confirmed that the thymic medullary epithelium mediates 
negative selection.4,5 These data further indicate that positive and negative selection occur 
in anatomically distinct sites. 

2.3. The Cross-Reactive Basis of Selection 

Allen and colleagues were the first to describe altered peptide ligands (APLs), 
which are peptides containing single amino acid substitutions which do not have 
appreciable effects on the binding of the peptides to the MHC molecule, but which do 
induce different signals in mature T cells through the TCR,6 They have demonstrated the 
role of APLs in the selection ofthymocytes,7.8 and one type of these APLs, antagonists, has 
been used by Hogquist and colleagues in vitro to encourage positive selection of 
thymocytes (described below). As mentioned earlier, the theories regarding the selection 
and imposed self-tolerance of peripheral mature T cells have implied that positive selection 
is based on extensive T cell cross-reactivity. For example, a thymocyte with low to 
moderate affinity for self peptide "A" might be positively selected and leave the thymus 
without being negatively selected because its TCR does not have too high an affinity for 
peptide "A" presented by MHC to warrant negative selection. In the periphery, this same 
mature T cell does not have any measurable reactivity to peptide "A" presented by MHC, 
but will be activated by foreign peptide "B" presented by the same MHC molecule. Thus, 
this thymocyte/T cell responds with different degrees of reactivity to two different peptides. 
It may be that for any given mature T cell, the self peptide used to select the cell as a 
thymocyte hJS very great similarity to the foreign peptide to which the mature T cell 
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responds: the selecting peptide may be an antagonist peptide of the mature T cell differing 
from the agonist peptide used to activate the mature T cell by only one or two amino acid 
changes. 

In some cases, however, the peptides used to select thymocytes may bear very little 
if any homology to the agonist foreign peptides used to activate the T cells within the 
periphery.9 Using a novel technique, Kapler and Marrack's group created transgenic mice 
expressing a single peptide/MHC ell complex and found that a fairly diverse T cell 
repertoire was generated in these mice (about 20% the normal number of T cells).iO This 
group subsequently demonstrated that T cells which were selected on a single 
peptidelMHC ell complex reacted with a diverse set of peptides bound by the same 
selecting MHC molecule, emphasizing the considerable degeneracy in peptide recognition 
during positive selection and peripheral T cell activation. lo Nevertheless, while there is 
degeneracy in peptide recognition which can induce positive selection, one peptide cannot 
select the entire TCR repertoire. II. 12 

2.4. Models of Positive and Negative Selection 

Several models have been proposed to explain the mechanism by which a self
restricted, self-tolerant T cell repertoire is generated. One model suggested that perhaps the 
stage of thymocyte development at which point a given thymocyte interacted with a 
peptidelMHC complex dictated whether it was positively or negatively selected. Another 
model suggested that certain peptides might have an inherent ability to positively select 
while others served to negatively select thymocytes. Over time, however, these models 
have been disproved and will not be discussed further. 

Currently, two primary models exist to explain T cell selection, the two models 
being slight conceptual variations of the same general mechanism. The differential avidity 
model of selection has been championed by the work of Ashton-Rickardt and Tonegawa. 11 
postulates that the developmental fate of an immature thymocyte is dependent upon the 
avidity of interactions between thymocyte TCRs and peptide/MHC molecules on thymic 
stromal cells. 13• 14 This theory postulates that activating (or agonist) peptides induce positive 
selection ofthymocytes when at low concentrations (low avidity), while at higher doses the 
same peptide encourages negative selection high avidity). In the efficacy model of 
thymocyte selection advocated by Hogquist and Bevan, the quality of the signal a 
peptide/MHC complex induces in a thymocyte, in addition to the number of peptide/MHC 
complexes present, determines the outcome of the selection process for a given thymocyte. 
This group has used variants of peptides for which a given thymocyte is specific, called 
antagonists, which induce signals which inhibit rather than activate mature T cells 
expressing the same TCR found within the periphery. When these antagonist peptide~ were 
used in in vitro assays of thymocyte selection, this group found that while agonist peptides 
induced negative selection at all concentrations, including very low concentrations at which 
the Ashton-Rickardt group saw positive selection of thymocytes, the antagonist peptides 
were found to positively select thymocytes when present at concentrations above a certain 
threshold. ls• 16 A schematic incorporating the salient features of these two models is 
presented in Figure I. 
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Figure 1. A small number of thymocytes are positively selected yet escape negative selection (central 
tolerance). Factors which allow for escape from negative selection include a lack or insufficient amount of 
autoantigen in the thymus or inefficient binding and presentation of autoantigen by the MHC molecules. 

Several other groups have provided data to support the notion that the avidity of 
interaction between a thymocyte and selecting peptide/MHC complexes dictates the 
outcome of the selection process. Sebzda et al.l7 used the same TCR transgenic mice as 
Tonegawa's group, but used p2-microglobulin knockout mice instead of TAP knockout 
mice to eliminate contaminating endogenous peptide presentation by MHC molecules. 
Using only a peptide agonist (a defined viral peptide recognized by the TCR), they found 
that low concentrations mediated positive selection whereas high concentrations led to 
negative selection. Cook et al. I8 have shown that rather than modulating the amount of 
peptide used to select a thymocyte with a TCR specific for the peptide/MHC complex, they 
could modulate the level of the MHC molecules and achieve a similar effect. Thus, TCR 
transgenic mice were bred to express different levels of MHC molecules on the thymic 
stroma; at low levels of selecting peptidelMHC complexes the thymocytes were positively 
selected whereas mice bred to express high levels of the selecting peptide/MHC molecules 
were found to negatively select the vast majority of thymocytes. In another study, surface 
plasmon resonance was used to directly measure the kinetics of TCR interactions with 
peptides known to positively and negative select thymocytes. 19 The results suggested that 
the affinity of the peptide for the TCR correlated with the outcome of selection, such that 
positive selection occurred over a I-log range of peptide starting 3-fold below the affinity 
required for negative selection. However, the affinity of the TCR for peptide/MHC 
complex was not an absolute predictor of the outcome of selection, and the authors 
suggested that clustering of co-receptors might play a role in the selection process by 
influencing the overall avidity of a T cell for APC. The presence or absence of various co
receptors and adhesion molecules might just as easily affect the quality of the signals 
directed through the TCR. 
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Two additional models have been postulated to explain T cell selection and the 
induction of central T cell tolerance. A "gemisch" of peptides may be responsible for 
positive selection of thymocytes: the selection of anyone TCR may not be dependent on 
one self peptide, rather, the summation of each peptide/MHC complex of very low affinity 
may add up to high ligand density and positive selection. In this way, none of the 
cooperating, selecting ligands would be individually detected as agonists or antagonists.9 

Alternately, Matzinger has suggested that while thymocytes require negative selection in 
order to prevent widespread autoimmunity mediated by recent thymic emigrants, 
thymocytes may not go through any positive selection process. Instead, peripheral tissue 
damage due to physical trauma or insult or microbial infection could induce some kind of 
"danger" signal to the immune system encouraging the activation of T cells.20 Little direct 
evidence, however, has as yet been demonstrated to support these alternate models ofT cell 
selection. 

2.5. Role of Apoptosis in Negative Selection 

In 1972 Kerr, Currie, and Wyllie proposed the term apoptosis to describe a common 
series of morphologic changes that accompanied the death of cells from a wide variety of 
tissues. Apoptosis is fundamentally different from cell necrosis in many important ways. It 
requires new gene expression and is triggered by the appearance or loss of an external 
signal which leads to the activation of an internal cell death program. In contrast, cell 
necrosis does not appear to require the expression of new mRNAs or proteins and is 
believed to be initiated by cellular damage that disrupts osmotic balance. Perhaps most 
importantly, as a cell undergoes apoptosis it may break up into apoptotic bodies, but these 
are sealed and maintain their osmotic gradients; there is no spilling of intracellular 
contents, and no provocation ofinflammation.21 

During T cell selection, apoptosis serves to eliminate precursor cells with non
rearranged or aberrantly rearranged non-functional receptors (those thymocytes which are 
not positively selected) and is also responsible for the deletion of autoreactive T cells in the 
thymus due to negative selection. Using three-color immunofluorescence and FACS 
analysis on frozen human thymic tissue and freshly isolated human thymocytes, Le et al. 22 

documented the role of apoptosis in central tolerance. They found that the majority or 
apoptotic thymocytes were localized to the cortical-medullary junction, where anatomically 
negative selection is known to occur. 

2.6. Central Tolerance and Autoimmunity 

Based on the fundamental investigations into how central tolerance functions to 
prevent the development of autoreactive T cells, many ideas have emerged to explain 
autoimmune diseases. Wraith and colleagues have theorized that low affinity interactions 
between autoantigens and MHC molecules may undermine the efficacy of their 
presentation in the thymus, thus enabling autoreactive T cells to escape self-tolerance. To 
test this theory his group used a TCR transgenic mice specific for the central nervous 
system (CNS) autoantigen myelin basic protein (MBP) pi-II and APLs based on this MBP 
epitope which had greater binding affinity for MHC cII molecules. Consistent with their 
theory, they found that the in vivo administration of the APLs resulted in deletion ofT cells 
while administration of native peptide had no effect. 23 Other groups have suggested similar 
explanations for the tendency of certain strains of mice to be more susceptible to certain 
autoimmune diseases, such as diabetes in NOD mice.24• 25 It is clear that autoreactive cells 
can be found in the peripheral blood of both normal individuals and patients with 
autoimmune diseases such as multiple sclerosis (MS).26 Thus, the presence of autoreactive 
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cells in the periphery alone is an insufficient explanation for the development of 
autoimmunity. Either the pool of autoreactive cells is much larger in patients with 
autoimmune diseases, they are in a different functional state/7.29 they have different effector 
profiles, or they have different thresholds of activation. 

3. PERIPHERAL MECHANISMS OF T CELL TOLERANCE 

3.1. T cell Anergy 
Efficient T cell activation is dependent upon two signals: an antigen-specific signal 

delivered through the TCR and a second costimulatory signal which functions to induce the 
secretion of T cell growth factors such as IL-2. The best characterized costimulatory 
pathway is the B7 pathway.30. 31 Two related B7 costimulatory molecules, B7-l and B7-2, 
are expressed on APCs, although with different kinetics and expression patterns. B7-2 is 
found on most APCs at low but constitutive levels whereas B7-1 is generally absent until 
an APC becomes activated, at which time it upregulates the expression of both molecules. 
These molecules direct signals into T cells through two receptors, CD28 and CTLA4. It is 
clear that signals directed through CD28 enhance T cell activation, while signals delivered 
through CTLA4 serve to attenuate T cell activation.32,33 

The consequence of T cell activation with peptidelMHC clI complexes in the 
absence of B7 costimulation was first reported by Jenkins and Schwartz,34 They found that 
when ECDI-treated splenocytes (which effectively fixes the cell surface and inactivates 
many surface molecules) were used in vitro as APCs, they failed to stimulate proliferation 
by antigen-specific normal T cell clones and instead induced a state of long-term 
unresponsiveness termed anergy, This T cell unresponsiveness was also induced in vivo by 
the Lv. administration of antigen-coupled splenocytes prepared by ECDI treatment. The 
results were not due to extensive MHC clI complex alteration, as anti-MHC clI mAbs 
prevented this anergy induction, suggesting that antigen presentation was taking place and 
needed for the anergy induction. The authors proposed that the ECDI treatment impaired an 
additional APC signal necessary to induce IL-2 production and T cell proliferation. The 
anergic state did not seem to involve inhibition of the IL-2 receptor pathway, however, as T 
cell clones unable to respond to AglMHC restimulation responded normally to exogenous 
IL-2. 

Extensive research has been conducted by a multitude of groups trying to induce 
anergy in the hopes of preventing rejection in various models of transplantation and 
ameliorating a wide range of autoimmune diseases. Miller and colleagues have used a 
system very similar to the one used by Jenkins and Schwartz to demonstrate that chemical 
cross-linking of APCs pulsed with a variety of autoantigens and viral antigens known to 
induce various forms of experimental autoimmune encephalomyelitis (EAE), a rodent 
model ofMS, can induce tolerance and ameliorate/delay EAE.35.37 Working with human T 
cell clones, Boussiotis et al. 38 found that stimulation of T cell clones with fibroblasts 
expressing only MHC cII molecules (no B7-1 or B7-2 molecules present) resulted in 
anergy induction. Ifunmanipulated APCs were incubated with CTLA4Ig and mixed with T 
cells an anergic state was similarly induced. In this case the CTLA4Ig, a chimeric molecule 
with the binding domain of the high-affinity B7 receptor CTLA4 fused to the constant 
portion of an immunoglobulin heavy chain, present in the cultures binds to the B7 
molecules present on APCs and prevents the delivery of a costimulatory signal to the 
responding T cells in the culture. 

The immunosuppressive effects of in vivo CTLA4Ig administration have been well 
documented. 39·41 It has been shown to induce T cell tolerance and inhibit both 
primary and secondary T cell responses, as well as inhibit antibody production. 
Furthermore, it has been used in several models of autoimmune disease. It was used in the 
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treatment of mice with an experimental form of lupus and found to block autoantibody 
production and prolong life, even when treatment was delayed until the most advanced 
stage of clinical illness.42 Arima et al. 43 examined the effects of CTLA4Ig administration on 
the induction of EAE in Lewis rats. CTLA4Ig administration 8 times before/immediately 
after immunization with spinal cord homogenate was able to prevent the development of 
EAE, and this was reversed by the administration ofrIL-2 (suggesting that indeed, the cells 
were rendered anergic). However, administration of CTLA4Ig twice after immunization 
with spinal cord homogenate slightly enhanced the severity of disease, suggesting that 
blocking the CD28 pathway is most useful before T cells have been activated and/or 
clonally expanded. 

CTLA4Ig administration has shown considerable promise in transplantation as well. 
Bluestone and colleagues have demonstrated that CTLA4Ig administration to mice 
receiving human pancreatic islets induced long-term, donor-specific tolerance (graft 
acceptance greater than 45 days relative to 5 days for controls).44 While CTLA4Ig treatment 
alone has shown promise in transplantation in the treatment of autoimmune diseases, a 
combination of CTLA4Ig and blocking mAbs directed against CD40 or CD40L have 
shown considerably greater in vivo effects. This is presumably due in part to the fact that 
CD40 engagement on APCs induces the upregulation of the B7 costimulatory molecules. 
One group demonstrated convincingly that while administration of CTLA41g or anti-C f) -W 

mAb could inhibit alloreactive mixed-lymphocyte-reactions (MLRs) in vitro and prevent 
skin graft rejection in vivo to some extent alone, they were extremely potent when 
combined together.45 Another group similarly compared the administration of anti-human 
CD40L mAb and CTLA4Ig alone or together in their ability to prevent renal allograft 
rejection in rhesus macaques. The allografts were mismatched for both MHC cI and MHC 
cII antigens. Administration of both anti-CD40L mAb and CTLA4Ig was more effective 
that either agent alone, and there was no generalized immunosuppression in that in vitro 
MLR responses were normal. Two monkeys receiving the optimal regimen were healthy 
for over 150 days.46 Finally, Sarvetnick's group has shown that anti-CD40L mAbs given at 
3 weeks of age to NOD mice, which develop spontaneous diabetes at about 10 weeks of 
age, prevented insulitis and diabetes. When measured in vitro, the mAb treatment reduced 
antigen-specific T cell proliferation and IFNy production.47 

3.2. Activation-Induced Peripheral Cell Death 

Lenardo and colleagues were the first to characterize what has been termed 
activation-induced cell death (AICD).48 They noticed that suppressed T cell proliferation in 
vitro at high antigen doses correlated with high IL-2 production and apoptosis. To explore 
this observation further, T cells were stimulated with antigen and then placed in various 
concentrations of IL-2 for 2 days, and subsequently restimulated with antigen. They found 
that apoptosis occurred to degrees correlating with the amount of IL-2 present before 
antigen restimulation. Using TCR transgenic mice specific for an encephalitogenic MBP 
peptide, this group found that repeated immunizations of soluble MBP or MBP peptide 
could delete up to 80% of the MBP-specific T cells. The authors argued that T cells 
"sensed" the intensity of an immune response by the level of cell cycling after initial 
antigen stimulation, and that further antigen stimulation attenuated the immune response by 
decreasing the number of responding cells and in turn downmodulating the amount of IL-2 
production. 

Using IL-2 receptor a-chain (CD2S) knockout mice crossed with TCR transgenic 
mice, Van Parijs et al.49 found that, as expected, these cells proliferated and survived less 
well than wild type T cells, and did not differentiate into effector cells. Stimulation in the 
presence of IL-IS compensated for this defect to some extent, likely because it signals 
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through a common IL-2 receptor y chain. Most importantly, these mice did not undergo 
AICD; IL-15 could not compensate for IL-2 and did not therefore increase the degree of 
AICD in the CD25 knockout TCR transgenic mice. These results confirmed in vivo that IL-
2 responsiveness is necessary for AICD. 

Many in vitro and in vivo models of AICD have found that signaling through CD28 
on T cells can provide protection against apoptosis. 5o.s3 This protection has been found to 
correlate with an increase in the intracellular expression of the anti-apoptotic molecule bcl
xl. Because it is clear that IL-2 is required both to initiate/sustain an immune response, and 
to help terminate a T cell immune response via AICD, the role of costimulation in AICD 
could change depending upon to what extent activation versus apoptosis was being favored 
by the IL-2 induced by the costimulatory signal. Thus, CD28 costimulation likely has a role 
not only in initiating a primary response, but also in maintaining T cell viability during a 
primary response, and finally in terminating excess antigen-specific T cells at the 
conclusion of an immune response. 

One mechanism by which IL-2 may encourage AICD of T cells is through the 
upregulation of FasL. In IL-2 receptor y-chain knockout mice there is a defect in peripheral 
CD4+ T cell deletion.54 Interestingly, there is also a lack of FasL expression upon 
activation, presumably explaining the lack of peripheral apoptosis. Thus, the data suggest 
that there is a requirement for the common y-chain to convey the IL-2 signal into the cell 
for upregulation of FasL and subsequent AICD. Indeed, several reports appeared at the 
same time demonstrating that the interaction between Fas and FasL on single T cell clones 
or hybridomas could induce apoptosis after TCR triggering and T cell activation. 55-57 

Furthermore, Abbas and Marshak-Rothstein have demonstrated that mice with functional 
defects in the expression of Fas or FasL fail to undergo AICD and succumb to massive 
lymphoproliferation and autoimmune disease.58 The kinetics of FasL expression are 
consistent with the notion that it plays a critical role in AICD because it is almost 
exclusively expressed by activated T cells.59 Immune privileged sites, such as the eyes or 
testes, may indeed be protected by FasL expression on tissues within these sites.',OJ" In an 
elegant study, Griffith et al.62 used normal and gld mice (FasL-deficient) and showed that 
viral infection resulted in T cell inflammation in the eyes of gld mice but not in normal 
mice due to apoptosis in normal mice. Furthermore, Fas+ but not Fas- tumor cells were 
killed when placed in the anterior chamber of normal mice, further emphasizing that FasL 
expression may contribute to immune privilege. 

Marrack and colleagues have studied the mechanism of superantigen-mediated 
AICD in vivo. In mice injected with superantigen, T cells activated by the superantigen 
proliferate extensively, then rapidly die. The authors found that LPS administration was 
capable of preventing superantigen-driven T cell death and that TNFa mediated part of the 
effect.63 • Another group elucidated the mechanism by which LPS protected CD4' T cells 
from superantigen-mediated AICD. A small number of T cells were transferred into a 
syngeneic host and then the fate of the cells was tracked after immunization of the mice 
with the antigen for which the cells were specific. Co-injection of LPS significantly 
enhanced the clonal expansion of the transferred cells, their migration in germinal centers, 
and the help they provided for antibody production. Most importantly, the pro inflammatory 
cytokines IL-I and TNFa could substitute for LPS, suggesting that the adjuvant effects of 
LPS are mediated in large part by pro inflammatory cytokines.64 

3.3. T cell Suppression by Cytokines 

CD4+ T helper cells can be broadly categorized into one of several subsets, based 
on the cytokines produced by the T cells after activation.65, 66 T helper 1 (Thl) cells secrete 
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pro inflammatory cytokines such as IFNy, TNFa and lymphotoxin (L T), which enhance 
APC activation and the clearance of many intracellular pathogens, whereas Th2 cells 
secrete cytokines such as IL-4, IL-5, and IL-13. These cytokines aid in antibody class
switching and elimination of many blood-borne infectious agents.65 The cytokines 
produced by each T helper cell subset can themselves negatively regulate the differentiation 
of the other subset. Thus, IFNy produced by Thl cells inhibits the differentiation of naive I 
cells into Th2 cells and IL-4 secreted by Th2 cells can inhibit the differentiation of Thl 
cells. The cytokines IL-IO and TGFp, secreted by T regulatory 1 (Trl) and Th3 cells, 
respectively, are very potent suppressors of T cell activation. IL-IO has been shown to be 
very potent at inhibiting LPS-induced macrophage cytokine production67. 68 and a 
combination ofIL-4 and IL-IO were very effective at inhibiting a DTH reaction in vivo.69 In 
vivo administration of rhIL-l 0 to humans has further demonstrated the ability of IL-l 0 to 
inhibit proinflammatory cytokine production. 7o TGFp has been shown to inhibit T cell 
proliferation by a variety of mechanisms. 71 The strategy of encouraging the development of 
Th2, Trl, or Th3 T cells in an effort to inhibit pathogenic Thl cells has been termed immune 
deviation. 

Oral tolerance is currently being tested as a way to suppress the immune response in 
patients with autoimmune diseases such as MS, rheumatoid arthritis (RA), and diabetes. 
Weiner and Hafler have conducted numerous studies demonstrating that the primary effect 
of oral tolerance is the expansion of antigen-specific T cells which secrete TGFp 71 · 7) In 
one study, Weiner and colleagues examined brain tissue for cytokine expression in lesions 
from Lewis rats at the peak of EAE.74 Thl cytokines were present during peak disease, but 
were diminished when rats were fed MBP. In addition, TGFp was present. In a phase II 
clinical study of the effects of oral administration of bovine MBP to patients with the 
relapsing-remitting form of MS, T cell lines generated from patients fed oral MBP were 
found to secrete significantly more TGFF in response to MBP than T cell lines from 
patients not fed oral MBP.75 

While inducing TGFp secretion from autoreactive T cells by the oral administration 
of autoantigens is one form of inducing immune suppression, many studies have 
demonstrated that shifting autoreactive T cells towards a Th2 phenotype shows promise in 
the prevention of Thl-mediated autoimmune diseases as welC6 In one study neuroantigen
specific T cells were differentiated in vitro into Thl or Th2 phenotypes then adoptively 
transferred into syngeneic mice and assessed for their ability to induce EAE.77 The data 
indicated that Thl but not Th2 cells consistently induced 
disease, but that Th2 cells administered together with Thl cells could not prevent disease. 
However, another study demonstrated that the adoptive transfer of Th2 MBP-specific T 
cells into syngeneic mice could reduce the incidence and eliminate the relapse of EAE.7R 
Another elegant study confirmed these results. 79 EAE-susceptible SJL mice were 
immunized with the protein KLH in incomplete freunds adjuvant (lFA) to induce Th2 cells 
reactive to KLH. EAE was then induced in the same mice using whole guinea pig myelin in 
complete freunds adjuvant (CF A), which is known to induce proinflammatory cytokines 
and induce potent disease. The authors found that if they included KLH with the whole 
myelinlCF A immunogen in mice which had been pre immunized with the KLH in IF A, that 
the severity of disease was prevented or greatly reduced. These results indicated that the 
cytokine microenvironment present at the time autoreactive T cells are primed/activated 
could influence their pathogenicity. Moreover, Th2 cytokines appeared to protect against 
disease, and this influence was effective even if cells were primed systemically rather than 
within the CNS. Consistent with this, Racke et al. 80 demonstrated that in vivo 
administration of IL-4 to mice ameliorated EAE clinical disease, induced Th2 MBP
reactive T cells, diminished demyelination, and reduced inflammatory cytokines. 
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Two recent papers suggest future directions in attempts to modulate Thl-mediated 
autoimmune diseases by cytokine-mediated suppression. Shaw et al. 81 described an attempt 
to ameliorate EAE induced in an adoptive transfer system by transducing a MBP-specific T 
cell hybridoma with IL-4 and adoptively transferring it to mice. The authors demonstrated a 
beneficial effect of local delivery of IL-4 in the CNS during the induction of disease and 
emphasized the promise of local delivery of IL-4 into the CNS. A similar paper appeared at 
the same time using a proteolipid protein (PLP)-specific T cell clone transfected with 
IL_1O. 82 The clone could significantly inhibit EAE disease induction/severity and to some 
extent ameliorate disease after onset. 

3.4. T cell Ignorance and Immune Privileged Sites 

Several sites within the body have been designated by some investigators as 
"immune privileged" sites because of the supposed relative difficulty of B cell and T cell 
migration into the sites. The CNS has been touted in the past as a prime example, 
particularly given the tight endothelial junctions which help form the blood-brain barrier. 
Experimental data generated in recent years has clearly shown, however, that T cell 
migration into such sites occurs routinely and can do so with little pathogenic 
consequence.83 

There are likely several reasons that the presence of autoreactive T cells within an 
organ expressing the autoantigen may not necessitate an autoimmune response. As 
described earlier, expression of FasL by the target tissue may induce apoptosis in 
autoreactive T cells. Alternately, the T cells may be rendered anergic. Indeed, a paper from 
Goodnow and colleagues suggests that multiple mechanisms of tolerance exist, and that 
self-reactive T cells do not necessarily cause tissue-destruction when they encounter self 
antigen within an organ, a phenomena called clonal ignorance.84 In this study the protein 
HEL was expressed on the thyroid epithelium, pancreatic islet cells, or systemically in the 
presence of TCR transgenic T cells specific for HEL. They found that the mechanisms used 
to induce tolerance depended on the location andlor concentration of antigen. Thus, when 
the self antigen was expressed in either the thyroid or pancreas, T cells were less tolerant 
and thyroiditis or insulitis was present, although there was no destruction of self tissue; 
there was almost total deletion of T cells when HEL was expressed systemically. Other 
groups have seen similar influences of the site and concentration of antigen exposure to 
autoreactive T cells on the tolerance induced. 

Hammerling's group generated transgenic mice which expressed a foreign non-self 
MHC cI molecule on hepatocytes.85 Low levels of the MHC cl molecule were detected on 
mouse hepatocytes, but high levels could be induced by LPS treatment. The group found 
that rather than simply ignoring the foreign tissue-specific antigen, T cells actually 
downregulated their expression of antigen-specific TCRs and were tolerant. When MHC cI 
expression was increased via LPS treatment, a portion of the previously tolerant cells 
appeared to be deleted. They concluded that the dose of antigen influences the degree of 
tolerance induced, and that tolerant T cells are not necessarily refractory to further contact 
with the tolerogen and even greater tolerance induction (andlor deletion). Tolerance, they 
hypothesize, might be the result of multiple interactions with antigen. Similarly, in another 
system TCR transgenic T cells specific for male antigen were injected into thymectomized 
mice with various ratios of male and female bone marrow cells.86 The authors found that 
when antigen persisted, anergy was induced with high concentrations of antigen while 
exhaustion occurred at lower antigen concentrations. 

In summary, the vast majority of autoreactive T cells are deleted within the thymus 
by MHC complexes presenting a myriad of self antigens. This form of T cell tolerance is 
called central tolerance. However, some presumably lower-affinity autoreactive T cells do 
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escape central tolerance and exist within the periphery of healthy, normal individuals 
without causing any pathology due to many peripheral mechanisms of tolerance. The many 
mechanisms of T cell tolerance are summarized in Table I. 

Table 1. Mechanisms of T cell tolerance. 

Type of Tolerance 

CENTRAL 

PERIPHERAL 

4. B CELL TOLERANCE 

Mechanism 

Deletion 

Apoptosis 

Anergy 

Activation-induced Cell 
Death (AI CD) 

Immune Deviation/ T cell 
suppression 

Immune Privilege 

Relevant MoleculeslLigands 

MHC molecules presenting (self) 
via autoantigens 

B7-1/2:CD28 and CD40:Cl)40L 
pathways 

IL-2, FasL 

Anti inflammatory cytokines 
(IL-4 IL-IO, TGFJ3) 

FasL 

Activation of B cells and antibody isotype class switching are both critically 
dependent upon T cell help delivered by surface costimulatory molecules, such as CD40L 
expressed by activated T cells, or in the form of cytokines secreted by Th2 cells, such IL-4 
and IL5. Because of this dependence on T cells for complete maturation and activation, T 
cell tolerance indirectly implies B cell tolerance. However, several mechanisms do exist to 
ensure autoreactive B cells are not given the chance to receive aberrant T cell help. These 
mechanisms are presented in Table 2 and discussed below. 

Table 2. Mechanisms ofB cell tolerance. 

Type of Tolerance Mechanism 

CENTRAL Receptor Editing 

Clonal Deletion 

PERIPHERAL Lack ofT cell help 

Deletion 

Anergy 
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Relevant MoleculeslLigands 

Early B cell engagement of self 
antigen 

Late B cell engagement of self 
antigen 

CD40:CD40L pathway and 
cytokines (IL-4, 5) 

Membrane-bound self antigen 

Soluble self antigen 



4.1. B Cell Affinity Maturation 

Within the paracortex of lymph nodes (or an analogous structure in the spleen) 
resting T cells can be found as well as specialized APCs (follicular dendritic cells) which 
are presumably responsible for the initial stimulation of the T cells.87 Once stimulated, 
these T cells move to the paracortexlprimary follicular junctions which are dominated by 
naive B cells which express mostly surface IgM or IgD receptors. In response to cytokines 
secreted by antigen-stimulated T cells nearby, a few antigen-specific B cell clones will 
divide to form germinal centers, made up mainly of these B cell blasts and a few activated 
CD4+ T cells. Activated T cells with similar antigen specificity can then encourage the 
survival and expansion of B cells. Within these germinal centers, follicular dendritic cells 
capture and present intact antigen to B cells. In addition, several days after an immune 
response has begun, antigen-antibody complexes may also bind to FDCs. It is at this point 
that somatic mutations occur, which ultimately leads to the generation of higher affinity 
germinal center B cells. This process, called "affinity maturation," is based on a 
competition among the different B cell clones with similar specificity. Those which after 
somatic mutations have a higher affinity for the antigen with which they interact will 
compete for the antigen more effectively and continue their antigen-dependent clonal 
expansion. This is analogous to the process of positive selection of T cells, such that only 
cells which can productively engage antigen are given the chance to mature into competent 
lymphocytes of the periphery. 

4.2. Clonal vs. Receptor Selection 

In an elegant series of recent papers, Nemazee's group has demonstrated that two 
different mechanisms of immune tolerance are utilized within the bone marrow when 
immature B cells encounter self antigen, and that the mechanism employed depends on the 
maturation state of the B cell. The first mechanism used to impart B cell tolerance is 
referred to as receptor editing. If an immature self-reactive B cell encounters self antigen in 
the bone marrow, this process promotes rearrangement of the second Ig receptor light chain 
in the hopes of altering the BCR specificity. In one study, two-thirds of autoreactive 
immature B cells were found to undergo receptor editing without any significant 
apoptosis.88 Another study found that later in B cell development after receptor editing has 
occurred, immature B cell engagement with self antigen leads to apoptosis within the bone 
marrow.89 Constitutive transgenic expression of the anti-apoptotic molecule bcl-2 could 
not prevent central tolerance impart by self antigen expression within the bone marrow, but 
it did enhance the receptor editing process.90 

4.3. B cell Clonal Deletion vs. Anergy 

The bone marrow is the primary lymphoid organ responsible for development of B 
cells while the secondary lymphoid organs, such as the spleen and lymph nodes, are 
specialized for the generation of immune responses by B cells upon antigen recognition. 
The lymph nodes drain most intercellular spaces via afferent lymphatic flow, while Peyer's 
Patches (PP), the appendix, and mesenteric nodes drain the intestines. Foreign antigens that 
enter the blood are cleared by the spleen. 

The clever use of transgenic mice by both Nemazee and Goodnow has allowed 
several insights to be gained into the various mechanisms by which B cell tolerance is 
induced. Nemazee and Burki91 generated transgenic mice expressing anti-MHC mIg 
receptors which produced high levels of anti-MHC cI antibodies detectable in their sera. 
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However, when they crossed them to mice expressing the same MHC cI autoantigen, the B 
cells were deleted. This mechanism of tolerance involving the deletion of autoreactive B 
cell clones differed from another form of B cell tolerance first described by Nossal and 
Pike.92 These authors described the presence of B cells with autoantigen-specific Ig 
receptors which were functionally incapable of responding to antigen; this form of 
tolerance was referred to as anergy. Goodnow and colleagues confirmed both of these 
results using a similar system but with an elegant twist. They generated several different 
lines of transgenic mice. They generated transgenic mice which expressed a protein, Hen 
Egg Lysozyme (HEL) in either a membrane or soluble form, as well as a B cell transgenic 
mice in which all the membrane Ig receptors were specific for the HEL antigen. When the 
BCR transgenic mice were crossed to the two different types of HEL transgenic mice, the 
autoreactive immature B cells were eliminated in the bone marrow upon recognition of 
membrane-bound antigens, confirming the results of Nemazee and colleagues. However, in 
mice in which the autoantigen was secreted into the serum, the B cells were not deleted, 
rather, they were anergized.9J , 94 When anergized, the B cells were found to downregulate 
the expression of their surface Ig receptors and they had a greatly shortened lifespan of just 
3-4 days. Thus, the work of these groups has demonstrated that B cell tolerance can be 
induced in different ways depending on the form in which antigen is recognized by an 
auto reactive B cell. 

Using these same double transgenic systems, the above groups discovered an 
additional mechanism of ensuring B cell tolerance. When anergic B cells were transferred 
into mice with a diverse repertoire of B cell receptors (e.g. non-Ig receptor transgenic mice) 
but which expressed soluble HEL protein systemically (which ensured the induction of 
anergy in HEL-specific B cells), Cyster et al.95 found that these anergic B cells had an 
altered pattern of migration from the bone marrow. After leaving the bone marrow and 
being rendered anergic by engagement of soluble HEL in the periphery, the anergic B cell 
eventually migrated into the spleen. Within the spleen, however, these cells moved only to 
the outer part of the T cell area, the peri-arteriolar lymphocyte sheath (PALS). Because 
they were anergic, they could not receive antigenic or costimulatory signals from the few T 
cells present in this area, signals which would encourage the B cells to proceed into the 
follicles where extensive T cell help and B cell somatic hypermutation occurs. 

5. IMMUNE TOLERANCE AND AUTOIMMUNE DISEASES 

As described in detail above, there are many mechanisms by which the immune 
system seeks to ensure immune tolerance. Central tolerance of both T cells and B cells 
involves primarily a deletional mechanism mediated by apoptosis. However, it is clear that 
autoimmune T cells and B cells do exist in the periphery of normal individuals and 
experimental animals, and yet no autoimmune disease arises. Thus, peripheral mechanisms 
of tolerance playa significant role in preventing the development of autoimmunity as well. 
One of the biggest challenges to immunologists studying autoimmune diseases is to 
determine which mechanisms of ensuring tolerance have failed so that we can utilize the 
appropriate treatment for the disease. 

For example, suppose that a failure to delete autoreactive T cells within the thymus 
proves to be responsible for a given autoimmune disease. If so, therapies are currently 
available and actively being refined which can delete auto reactive T cells within the 
thymus. Bone marrow chimerism, in which an allogeneic source of bone marrow from a 
healthy donor is transplanted into a diseased individual, has been shown to induce very 
efficient deletion of autoreactive cells.96 Indeed, bone marrow transplantation is currently 
being explored for the treatment of several autoimmune diseases including MS and RA.97•99 
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If, however, there are defects in peripheral tolerance mechanisms, tr~atments using 
CTLA4Ig and anti-CD40L mAbs may be capable of inducing anergic states in autoreactive 
T cells. Alternately, oral tolerance might be used to suppress the autoreactive response or 
shift it towards a more benign type of response. 

5.1. EAE-Autoimmune Model of MUltiple Sclerosis 
Experimental Autoimmune Encephalomyelitits or EAE is one animal model for 

MS, and can be induced by injecting animals with either myelin basic protein (MBP), or 
proteolipid apoprotein (PLP) in adjuvant. MBP and PLP are the two most abundant myelin 
proteins in the CNS and are the only two proteins discovered to date that induce EAE. EAE 
can be induced in virtually all species and has been most extensively studied in the mouse 
and rat. The pathologic picture of EAE, especially in chronic relapsing forms, can be very 
similar to MS. EAE is mediated by T cells that react to brain proteins. MBP or PLP 
specific CD4+ T cell clones can be isolated from animals with EAE and cause relapsing 
EAE when injected into normal animals. Transfer of serum from animals with EAE does 
not cause disease, although injections of antibodies against myelin components such as 
myelin 
oligodendrocyte glycoprotein (MOO) can exacerbate EAE and increase demyelination. 

It has been argued for years as to whether EAE is a good model for MS and the 
answer will probably not be known until the cause of MS is defined. Nonetheless the 
biologic principles learned from the study of EAE can be generalized to other experimental 
autoimmune process such as experimental autoimmune neuritis (EAN, induced with the 
injection of adjuvant with the peripheral myelin protein PO) or experimental autoimmune 
myasthenia gravis (EAMG, induced by injecting adjuvant with acetylcholine 
receptor(AchR». Though myasthenia gravis and EAMG are both mediated by T cells, the 
effector mechanism of the human and experimental disease are both mediated by anti
AchR antibodies. 

5.2. Virus Induced Models ofT cell Mediated CNS Inflammation 

A second model of T cell mediated CNS white matter disease is induced by 
Theiler's virus, a picornavirus. In the Theiler's virus mouse model of demyelination, the 
virus infecting the brain serves as the target of an immune attack. Demyelination is 
dependent upon an intact T cell mediated immune response. In the Theiler's virus model, T 
cells reacting to myelin antigens are not found. This is a model of direct viral induced 
inflammatory demyelination. Another model of virus induced autoimmune disease is 
induced by coronavirus infection in young rat brain. Here, viral infection of the brain leads 
to activation of MBP reactive T cells that are capable of transferring disease to naive 
animals not previously infected with virus. The coronavirus mOQ\!1 of demyelination 
illustrates how CNS viral infection may induce autoreactive T cells. It has been postulated 
that HTL V-I associated myelopathy may have a similar etiology to Theiler's virus 
encephalitis where HTL V -I infection of the CNS would be followed by immune 
recognition and secondary CNS inflammation mediated by viral reactive T cells. 
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