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Abstract
Due to the random generation of T cell antigen receptors, a large fraction of developing T cells
have the potential to recognize self-determinants. To prevent this self-reactive T cell repertoire
from mediating autoimmunity, the immune system utilizes several mechanisms to induce
tolerance to self. The majority of self-reactive T cells undergo negative selection (i.e., apoptosis)
during development if their antigen receptors have high affinity for MHC-self-peptide complexes
present in the thymus. Nonetheless, some T cells recognize self-epitopes that are not present in the
thymus, and will thus reach maturation and migrate to peripheral lymphoid organs were they can
be subject to a number of peripheral tolerance mechanisms such as deletion, inactivation (i.e.,
anergy) or suppression. While peripheral tolerization of naive (i.e., antigen-inexperienced) T cells
has been studied extensively, there are potential situations in which self-reactive T cells might first
encounter immunogenic forms of antigen (deriving from pathogens or vaccines) and thus be
programmed to develop effector and memory functions. This article will review recent studies that
have explored the potential of effector and memory T cells to undergo peripheral tolerization, as
well as potential implications of these findings for autoimmunity and tumor-immunity.
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INTRODUCTION
As a result of the random process of V-D-J gene recombination that generates a diverse
repertoire of T cell antigen receptors (TCRs) which enables the T cell repertoire to respond
to a wide variety of pathogenic challenges (reviewed in [1]), many T cells express
potentially self-reactive TCRs. In fact, given the high degree of complexity of the host
genome compared to that of most pathogens, the immune system likely generates many
more T cells with the potential to recognize self-determinants compared to the number of T
cells that will ultimately be required to respond to infections. Thus, it is not surprising that
there are multiple mechanisms that induce tolerance to self-antigens at different stages of T
cell development. The majority of potentially self-reactive T cells undergo negative
selection during development in the thymus, where immature T cells expressing TCRs that
recognize MHC molecules presenting self-epitopes at high affinity/avidity undergo
apoptosis [2–5]. This form of central tolerance eliminates developing T cells that recognize
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ubiquitously expressed antigens [2,3,5], blood-borne antigens [6], as well as some epitopes
deriving from proteins that serve specialized functions in non-lymphoid tissues [7].

Although central tolerance is highly efficient, some T cells will develop specificity for self-
antigens that are not present in the thymus, and thus the immune system utilizes several
peripheral tolerization mechanisms to prevent these T cells from becoming inappropriately
activated once they have matured and migrated to secondary lymphoid organs. Self-reactive
T cells in the periphery are sometimes ignorant of their cognate self-epitopes, retaining a
naïve phenotype and potential to be primed [8,9]. More often than not, however, self-
reactive T cells become subject to one of several active peripheral tolerance mechanisms.
The most definitive form of peripheral tolerance involves deletion or death, which can be
programmed by members of the TNF/NGF superfamily of receptors such as CD95 (Fas) as
well as other molecules like TNF and DR [10,11] or by depletion of survival factors like
IL-2 (i.e., growth factor withdrawal) [12]. Self-reactive T cells can also undergo functional
inactivation (also referred to as adaptive tolerance or anergy), in which they become
hyporesponsive to antigenic stimulation [13]. Ultimately, inactivation may simply represent
an intermediate point in a pathway leading to deletion, since inactivation and deletion are
often observed in the same systems [14–16]. Inactivation/deletion can be induced by bone
marrow-derived antigen presenting cells (APCs) [17,18], most probably dendritic cells
(DCs) [19,20], which under steady-state conditions acquire self-antigens from parenchymal
tissues and subsequently present them to naïve T cells in the draining lymph nodes. This
interaction induces naïve T cells to undergo an initial proliferative response, followed by the
development of non-responsiveness [21,22] or deletion [18,23]. In contrast to when DCs
acquire pathogen-derived antigens where the presence of invariant pathogen-derived
inflammatory factors (i.e., pathogen-associated molecular patterns or PAMPs) induce the
expression of costimulatory molecules that endow DCs with the ability to prime cognate
naïve T cells to develop effector and memory functions, DCs that acquire self-antigens
under non-inflammatory conditions express sub-optimal levels of costimulation and thus
tolerize rather than prime cognate naïve T cells [24–29]. Peripheral tolerance can also be
mediated in trans by T regulatory cells (Tregs) that dampen the function of autoreactive T
cells. Tregs can exert their function in a contact-dependent manner (sometimes via the
production of TGF-β), and are classically defined as CD4+CD25+ (although other
phenotypes can also express regulatory function using other mechanisms) [30,31].

While peripheral tolerization of naïve self-reactive T cells has been studied extensively, the
potential of effector and memory self-reactive T cells to undergo peripheral tolerization has
been less well studied. Although it had been demonstrated that effector/memory T cells can
be tolerized through intravenous administration of high doses of soluble cognate antigens
[32–35], it had generally been thought that effector/memory T cells are inherently more
resistant to undergoing peripheral tolerization than naïve T cells in part because the former
have less stringent costimulatory requirements for undergoing activation in vitro [36–41],
and sub-optimal costimulation appears to be a critical parameter in conferring tolerogenic
antigen presenting function [26–29]. Thus, while the approach of using high dose exogenous
soluble autoantigens to tolerize autoreactive effector/memory T cells was established as a
potential avenue to treat autoimmune diseases (reviewed in [42]), it wasn’t clear whether
effector/memory T cells would be susceptible to undergoing tolerization in response to
physiological forms of tolerizing antigens such as self-antigens that might be expressed at
relatively low levels.
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THE POTENTIAL PHYSIOLOGICAL RELEVANCE OF EFFECTOR/MEMORY T
CELL PERIPHERAL TOLERIZATION

The question of whether effector/memory T cells are susceptible to tolerization under
physiological conditions is potentially relevant in several contexts. Some pathogen-derived
antigens are similar in structure to certain self-antigens, and if cognate naïve T cells first
encounter these antigens in the context of an infection (possibly because they recently
completed maturation in the thymus and have not yet encountered cognate peripheral self-
antigen) they might be primed to develop effector/memory functions and thus mediate
autoimmunity. This scenario, referred to as molecular mimicry, is supported by studies in
both mice [8,43–45] and humans [46–49]. As illustrated in (Fig. 1), if these autoreactive
effector/memory T cells were susceptible to undergoing tolerization following encounter
with cognate self-antigen, the extent of autoimmune damage might be minimized.

The potential of the immune system to tolerize effector/memory T cells might also be
relevant to tumor-immunity. Since the majority of human cancers result from environmental
and hereditary factors rather than from oncogenic viruses (papillomaviruses causing cervical
tumors and Epstein-Barr viruses that cause lymphomas being notable exceptions), therapies
aimed at programming the immune system to destroy tumors are in essence attempting to
induce autoimmune responses directed towards tumors. Thus, tolerance mechanisms that
normally function to prevent the development of autoimmunity directed towards healthy
tissues could potentially impede the development of effective anti-tumor-immunity
(reviewed in [50]). Tolerance is likely to be the most pronounced for tumor-associated
antigens that are expressed on both tumors and normal tissues (i.e., differentiation antigens),
since the T cell tolerance induction machinery will have had access to these antigens long
before tumors develop [51,52]. Nonetheless, peripheral T cell tolerance can also develop
towards antigens expressed exclusively on tumors [53], interestingly via the same tolerance
induction pathway [54] that is utilized for normal self-antigens [17] (i.e., indirect
presentation by bone marrow-derived APCs). Although this type of tolerization is not
always absolute, tumor-reactive T cells that manage to avoid tolerization tend to express
TCRs that have relatively low avidities for their cognate tumor-associated epitopes, and thus
have a lesser potential to mediate tumor-immunity in response to vaccination [52,55,56].
These observations have contributed to the notion that T cell tolerance can impair tumor-
immunity by shrinking the repertoire of tumor-reactive T cells that can be activated through
vaccination. However, if tumor-reactive effector/memory T cells that could be primed
through vaccination were susceptible to undergoing peripheral tolerization, this could
represent an additional level at which tolerance negatively impacts tumor-immunity (Fig. 2).

EFFECTOR/MEMORY T CELLS ARE SUSCEPTIBLE TO PERIPHERAL
TOLERIZATION

To assess the response of memory CD8 cells to self-antigen, Kreuwel et al. adoptively
transferred TCR transgenic memory CD8 cells specific for an influenza hemagglutinin (HA)
epitope into transgenic recipient mice that express HA as self-antigen in pancreatic islet β
cells [57]. Interestingly, although the HA-specific memory CD8 cells initially underwent a
proliferative response, they eventually lost the capacity to respond to vaccination and
mediate diabetes via autoimmune destruction of the islet β cells. Furthermore, the kinetics of
tolerization followed a similar time course as naïve counterparts, indicating the naïve and
memory CD8 cells are equally susceptible to undergoing peripheral tolerization in response
to self-antigen.
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Also using a TCR transgenic adoptive transfer system, studies from our own laboratory have
demonstrated that T helper 1 (Th1) effector CD4 cells are also highly susceptible to
undergoing peripheral tolerization in response to self-antigen. In our basic experimental
paradigm, clonotypic Th1 effector CD4 cells (marked by the ability to express high levels of
the cytokines IFN-γ, TNF-α and IL-2) are first generated by adoptively transferring naïve
TCR transgenic CD4 cells specific for influenza HA into non-transgenic recipient mice that
have been infected with an HA-expressing recombinant vaccinia virus. Subsequently, the
Th1 clonotypic CD4 effectors are recovered from the vaccinia-infected primary recipients
and re-transferred into transgenic secondary recipients that express HA as a self-antigen in a
variety of parenchymal tissues. Although the retransferred clonotypic Th1 effectors undergo
an initial proliferative response upon encountering self-HA, they ultimately lose the ability
to express cytokines and to undergo further division in response to antigenic stimulation
(reminiscent of the response of naïve CD4 cells to self-antigen [21,22]). Additionally, this
loss of function occurred in transgenic secondary recipients that expressed either high or low
levels of self-HA, and could be mediated by bone marrow-derived APCs that indirectly
present parenchymally-derived HA [58]. Taken together, these results indicate that Th1
effector CD4 cells undergo tolerization in response to parenchymal self-antigen under the
same physiological conditions as naïve counterparts, further supporting the conclusion that
effector/memory T cells are not inherently resistant to tolerization.

One of the most interesting aspects of the Th1 effector CD4 cell tolerization pathway is that
different functions are lost with different kinetics: the ability to express the effector
cytokines IFN-γ and TNF-α are dramatically reduced within 24 hours of exposure to self-
HA, while the ability to express non-effector functions such as IL-2 production and
proliferation are lost only after several days of self-antigen exposure [59]. In addition to
indicating that the Th1 effector CD4 cell tolerization process is complex, this observation
likely has physiological relevance since IFN-γ and TNF-α can both play critical roles in
mediating autoimmunity [60–63] and tumor-immunity [64–68]. Thus, effectors that can
produce IL-2 and proliferate but not express IFN-γ or TNF-α would probably not be very
effective in mediating either tumor-immunity or autoimmune pathology.

EXPLORING THE RELATIONSHIP BETWEEN EFFECTOR/MEMORY T CELL
TOLERIZATION AND TUMOR-IMMUNITY AND AUTOIMMUNITY

Although the finding that effector/memory T cells are highly susceptible to undergoing
peripheral tolerization is potentially important for understanding both tumor-immunity as
well as molecular mimicry scenarios that lead to autoimmunity, it also raises important
questions. For example, the clonotypic TCR transgenic adoptive transfer systems that have
been used to demonstrate that effector/memory T cells are susceptible to undergoing
tolerization are somewhat analogous to adoptive immunotherapy approaches for treating
cancer in which autologous tumor-reactive effector T cells are expanded ex vivo prior to
being injected back into cancer patients [69], and since tumor antigens can be presented in a
tolerogenic manner and effector T cells are susceptible to undergoing tolerization, it might
be predicted that tolerance should diminish the efficacy of adoptive immunotherapy.
Nonetheless, recent clinical trials have demonstrated that adoptive immunotherapy can
induce significant tumor regressions [70,71], raising the question of whether tolerance is
having an impact. It is interesting to note, however, that these trials used the cytotoxic drug
cyclophosphamide (Cytoxan or CY) to condition patients prior to receiving tumor-reactive
effector T cells and/or exogenous IL-2 thereafter. CY and IL-2 can also augment adoptive
immunotherapy in mouse models, and although the precise mechanisms by which these
drugs work is not precisely understood, it has been proposed that they might have a variety
of effects such as eliminating regulatory cells [72,73], eliciting T cell growth factors [74] or
type I interferons [75], and enhancing the engraftment of adoptively transferred tumor-
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reactive effector T cells [76] by creating space [77–79]. Given the potential for tumor-
associated antigens to be presented in a tolerogenic manner as well as the susceptibility of
adoptively transferred effector T cells to undergoing tolerization, we used our effector CD4
cell tolerization model described in the previous section to explore the idea that CY and IL-2
might have an additional effect which is to impede the tolerization of adoptively transferred
effector T cells [80]. Although the tolerizing antigen in this system derives from healthy
tissues rather than from tumors, we reasoned that it would be an appropriate system to test
this possibility for the following reasons. First, adoptive immunotherapy strategies generally
target differentiation antigens that are expressed not only on tumors but also on the normal
tissues from which the tumors derive [70,71], and therefore the bulk of potentially
tolerogenic antigen likely derives from normal tissues. Furthermore, the pathways by which
normal self-antigens and tumor-antigens are presented to induce T cell tolerance appear to
be similar (i.e., indirect presentation by bone marrow-derived APCs [17,54]). Finally, in our
system the model self-antigen HA can be expressed at high levels in several organs, leading
to rapid and profound tolerization of adoptively transferred HA-specific effector CD4 cells
[58,59], and thus this system represents a stringent test for the ability of CY and IL-2 to
impede the tolerization of adoptively transferred effector T cells. CY + IL-2 treatment not
only enhanced the proliferation and accumulation of adoptively transferred effector CD4
cells encountering cognate self-antigen (as would have been predicted from previous
studies), but these T cells also exhibited a delay in the rate in which they lost the ability to
express the effector cytokines IFN-γ and TNF-α. CY was more effective than IL-2 in
impeding tolerization, although the combination of both drugs was the most effective.
Interestingly, the ability of CY and IL-2 to rescue effector cytokine expression potential was
the greatest in mice that expressed the highest levels of self-antigen [80], in contrast to
normal conditions where greater levels of self-antigen expression result in more rapid and
profound T cell tolerization [81]. Although we do not currently understand the mechanistic
basis for this reversal, this effect would likely be beneficial in the context of adoptive
immunotherapy to treat cancer since patients expressing higher levels of the tolerizing/
targeted tumor-associated antigens would be predicted to experience the greatest rescue of T
cell function.

In addition to providing new insights into the mechanisms by which CY and IL-2 might
augment the efficacy of adoptive immunotherapy strategies to treat cancer, our study might
also help to understanding the relationship between molecular mimicry scenarios that lead to
autoimmunity and effector T cell tolerization. As speculated earlier, effector T cell
tolerization might represent a contingency mechanism to limit the extent of autoimmune
damage that results from molecular mimicry. Given that effector/memory T cells are highly
susceptible to undergoing peripheral tolerization, it is not obvious why molecular mimicry-
induced autoimmunity is not always repressed. One possibility is that the extent of ensuing
autoimmune pathology is the result of a dynamic balance between the rate at which
autoreactive effectors can inflict tissue damage relative to their rate of tolerization. Thus,
when the expression of the relevant self-antigen is limited to discrete anatomical locations
(e.g., the pancreatic islets [8,9]), tolerogenic presentation of that antigen will be restricted to
the corresponding draining lymph node [82,83]. This will likely result in a relatively slow
rate of tolerization due to the time required for all of the autoreactive effectors to migrate
through the draining lymph node, and a greater likelihood for the development of overt
autoimmune symptoms. In contrast, when the relevant self-antigen is more widely expressed
(such as in our system), the rate of tolerization will be more rapid, and therefore the
likelihood of inflicting substantial tissue damage will be less. Consistent with this
hypothesis, we found in our system that delaying the rate of effector CD4 cell tolerization
via treatment with CY + IL-2 resulted in autoimmunity in a significant fraction of mice that
expressed the highest levels of self-antigen [80]. Taken together, these observations suggest
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that the effector T cell tolerization pathway can limit (but not completely prevent) molecular
mimicry-induced autoimmune pathology.

WHAT ARE THE MECHANISMS THAT MEDIATE EFFECTOR/MEMORY T
CELL TOLERIZATION?

Given the potential importance of effector/memory T cell tolerization to both autoimmunity
and tumor-immunity, it will be important to dissect the underlying mechanisms so that
strategies can be developed to manipulate these pathways for therapeutic benefit. As
summarized in Table 1, there appear to be both similarities and differences in the pathways
by which naïve and effector/memory T cells undergo tolerization.

Tolerization of both naïve and effector/memory T cells can be initiated by bone marrow-
derived APCs that indirectly present parenchymally-derived self-antigen under steady-state
conditions [17,18,22,58], and both naïve [18,21–23] and effector/memory [57–59] T cells
undergo an initial proliferative phase prior to reaching a fully non-responsive state.
Additionally, the level of self-antigen expression (i.e., antigen density) appears to have a
similar influence on the tolerization of both naïve and effector/memory T cells. Higher
levels of self-antigen expression result in a more robust proliferative response following
initial antigen encounter and/or a more rapid rate of tolerization in the case of both naïve
[21,81,84] and effector/memory T cells [57,58,81], although tolerization represents the
ultimate outcome of self-antigen recognition in all cases.

There are also likely to be differences in the mechanisms that regulate tolerization in naïve
versus effector/memory T cells. For example, since effector/memory T cells migrate more
efficiently through non-lymphoid tissues compared to naïve T cells [85,86],
immunomodulatory factors located in non-lymphoid tissues are more likely to influence
effector/memory T cell tolerization. Furthermore, since Th1 effector CD4 cell tolerization
involves a loss in the ability to express effector cytokines such as IFN-γ [59], in contrast to
naïve CD4 cell tolerization in which the ability to express IFN-γ is not significantly gained
or lost [22], there are likely to be differences in the intrinsic intracellular signaling pathways
that mediate tolerance between naïve and effector/memory T cells. At present little is known
regarding possible differences in the costimulatory signals that regulate tolerance in naïve
versus effector/memory T cells. As discussed earlier, it is generally thought that tolerization
of naïve T cells is mediated by steady-state DCs that, due to their lack of exposure to
inflammatory signals, express sub-optimal levels of various costimulatory ligands.
Experiments in which the administration of costimulatory agonists are able to functionally
rescue naïve T cells encountering tolerizing forms of antigen have identified several
costimulatory ligands whose absence on DCs could potentially contribute to tolerogenic
capacity (e.g., CD40 [27,87–91] and OX40L [92–94]). Interestingly, the in vitro observation
that effector/memory T cells have less stringent costimulatory requirements for undergoing
activation compared to naïve T cells [36–41] contributed to the notion that effector/memory
T cells would be more resistant to undergoing tolerization. Nonetheless, given that effector/
memory T cells are highly susceptible to tolerization [57,58], as well as the ability of bone
marrow-derived APCs to tolerize these cells under steady-state conditions [58], it would
seem reasonable to speculate that sub-optimal costimulation also plays a role in effector/
memory T cell tolerization. In the future it will be interesting to assess whether the same or
different costimulatory pathways regulate tolerization in naïve versus effector/memory T
cells.
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Fig. 1.
Hypothetical scenario in which peripheral tolerization of effector T cells limits the extent of
autoimmune damage that ensues following molecular mimicry. Under normal steady-state
conditions, naïve T cells specific for the parenchymal self-antigen X will undergo
tolerization when they reach the draining LN where they encounter tolerogenic DCs (tDC)
presenting X. Molecular mimicry can lead to autoimmune damage of parenchymal tissues
expressing X if cognate naïve T cells first encounter immunogenic DCs (iDC) that present a
cross-reactive pathogen-derived antigen (X’). Since X will still be presented by tolerogenic
DCs in the draining LN, tolerization will occur simultaneous to tissue damage, thus
shortening the duration of the effector phase of the autoimmune response.
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Fig. 2.
Hypothetical scenario in which the tolerization of both naïve and effector T cells impedes
vaccine-induced tumor-immunity. Tolerogenic DCs presenting tumor antigen X induce the
tolerization of a significant fraction of the naïve X-specific T cell repertoire. Following
vaccination to X, X-specific naïve T cells that initially avoided tolerization are able to
expand and differentiate into effectors, however, they will remain susceptible to tolerization
due to the continued presentation of X by tolerogenic DCs.
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Table 1

Parameters that Regulate Tolerance in Naïve Versus Effector/Memory T Cells

Naïve T Cells Effector/Memory T Cells

Tolerance can be induced by APCs in lymphoid
organs. + +

Initial proliferative phase precedes development of
fully tolerant state. + +

Tolerance can be induced in parenchymal tissues. – ?

Functions lost during tolerization.

1) Proliferation and IL-2 production in
response to antigenic stimulation.

2) The potential to differentiate into
effector

and memory cells.

1) Proliferation and IL-2 production in
response to antigenic stimulation.

2) The ability to express effector and memory
functions.

Examples of costimulatory molecules that might
play a role in regulating tolerance versus immunity. CD40, OX40 ?
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