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Abstract Immunologic tolerance is a state of unrespon-
siveness that is specific for a particular antigen. The
immune system has an extraordinary potential for making
T cell and B cell that recognize and neutralize any chemical
entity and microbe entering the body. Certainly, some of
these T cells and B cells recognize self-components;
therefore, cellular mechanisms have evolved to control the
activity of these self-reactive cells and achieve immuno-
logical self-tolerance. The most important in vivo biological
significance of mechanisms regulating self-tolerance is to
prevent the immune system from mounting an attack
against the host’s own tissues resulting in autoimmunity.
This review summarizes recent developments in our
understanding of T-helper cell tolerance and discusses
how the new findings can be exploited to prevent and treat
autoimmune diseases, allergy, cancer, and chronic infection,
or establish donor-specific transplantation tolerance.
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One of the most remarkable properties of the immune
system is its ability to recognize, respond to, and eliminate
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foreign (nonself) antigens while not reacting harmfully to
that individual’s own (self) antigenic substances. This state
of immunologic unresponsiveness to antigens is also called
tolerance. Self-tolerance is maintained by various mecha-
nisms that prevent the maturation and activation of
potentially self-reactive lymphocytes. The primary mecha-
nism of immunological self-tolerance is central deletion in
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Fig. 1 Pathways of central and
peripheral tolerance. Hemato-
poietic precursors migrate to the
thymus where they undergo
positive and negative selection
based on the nature of their TCR
interactions with peptide/MHC.
Self-reactive T cells with high
affinity TCR are deleted at this
stage, but others with low-affin-
ity TCR escape in the periphery
where they are controlled by
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which self-reactive T cells are deleted in the thymus during
T cell maturation by negative selection [1]. Many recent
studies suggest that T cell receptor (TCR) editing may play
a role in controlling the development of self-reactive T cells
in thymus [2] as well. TCRs are selected to recognize a
composite ligand comprising peptide fragments of antigen
bound to major histocompatibility complex (MHC) mole-
cules. Composites of self-peptides and MHC are displayed
on the surface of cortical thymic epithelial cells, and
CD4°CD8" thymocyte expression of TCRs that weakly
bind these ligands trigger maturation signals that inhibit
RAG gene expression, thereby closing off the option of
editing [3]. As a result, thymocytes are stimulated to
survive. During this process, a minority of self-reactive
TCRs triggers an editing process; in this case, TCRs are
downregulated, RAG expression continues and the offend-
ing TCR o-chain is replaced or diluted with a second
a«-chain that is less self-reactive [2]. The majority of
thymocytes whose receptors do not recognize self-MHC
molecules are permitted to die. As positive selected
thymocytes move from the cortex toward the medulla, they
continue the maturation process and further test their TCRs
for self-reactivity. TCRs that bind strongly to self-peptide/
MHC combinations trigger the death (negative selection) of
thymocytes. These medullary cells express T cell costimu-
latory molecules, such as CD80 and CD86, the ligands for
CD28, and these costimulatory molecules play a crucial
role in ensuring self-tolerance [4] (Fig. 1).

Recent studies on intrathymic expression of peripheral
autoantigens, termed promiscuous gene expression, extends
the scope of central T cell tolerance to peripheral organs
and proves essential for the induction and maintenance of
self-tolerance [3]. The finding of a causal relationship
between the function of the transcriptional regulator
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autoimmune regulator (Aire) and the promiscuous expres-
sion of many peripheral antigens in murine medullary
thymic epithelial cell (mTECs) was an important advance-
ment. Anderson et al. [5, 6] showed that expression of
many tissue-specific genes in mTECs is highly reduced in
Aire knockout mice. Aire-deficient mice develop tissue-
specific autoantibodies and lymphoid infiltration of several
peripheral organs. Mutations of the Aire gene are associated
with a multiorgan autoimmune syndrome known as
autoimmune polyglandular syndrome type 1 [5, 6]. Partially
deregulating promiscuous gene expression could lead to a
breakdown of central tolerance, which also explain the
pathophysiology of the human disease [3].

The molecular basis of thymocyte negative selection is
still unclear. It was proposed that the serine—threonine
kinase MINK (misshapen-Nck-interacting kinase-related
kinase) selectively connects the TCR to a signaling
pathway that mediates negative but not positive selection.
MINK transcription is relatively low in CD4 CD8"
thymocytes but is markedly higher in CD4°CD8" thymo-
cytes. Once thymocytes are positively selected, MINK
expression declines. Knockdown MINK expression results
in a double number of single positive thymocytes, which is
consistent with a reduction in negative selection. However,
decreasing MINK expression has no effect on positive
selection. Essential function of MINK in the elimination of
self-reactive thymocytes may be associated with down-
stream activation of Jun kinase and enhancement of
expression of the proapoptotic molecule BIM, a member
of the BH3-only proapoptotic subfamily of the BCL-2
family protein [7].

BIM is required for apoptosis of thymocytes in response
to negative selection signals. Regulation of the apoptotic
activity of BIM during negative selection is not understood.



J Mol Med (2006) 84:887-899

889

Initially it was observed that BIM expression at the
messenger RNA and protein level was required at the
negative selection pathway [4]. Recent studies by Bunin et al.
suggest that strong TCR signals regulate the apoptotic
activity of BIM by phosphorylation and subsequent
changes in binding to Bcl-x (L) in immature thymocytes
[8]. The tyrosine kinase ZAP70 ((-chain-associated protein
kinase of 70 kDa) is required for thymocyte deletion because
partial deficiency of ZAP70 in mice allows cells with
forbidden TCRs to escape death and cause a systemic
inflammatory disorder resembling rheumatoid arthritis [9].
Deletion also involves the induction of members of the
Nur77 family of orphan nuclear receptors, and TCR-induced
thymocytes death is blocked by a dominant negative Nur77
mutant [10]. It is interesting to note that recent studies
suggest that HDAC7 (histone deacetylase 7), a key tran-
scriptional regulator in several major developmental pro-
grams, regulates negative selection by repressing expression
of Nur77 [11].

Peripheral tolerance

Although central tolerance is the major mechanism to
eliminate self-reactive T cells, such deletion is incomplete.
Indeed, healthy individuals were shown to harbor self-
reactive T cells in the periphery. Therefore, the immune
system has developed the mechanisms that deal with
tolerance in the peripheral lymphoid organs, providing the
necessary safety net to prevent autoimmunity. The mecha-
nisms responsible for peripheral tolerance can be divided
into those that regulate the responding state of T cell

Fig. 2 B7-1/B7-2:CD28/
CTLA-4 superfamily members.
CD28 family members are im-
munoglobulin superfamily
members with a single immu-
noglobulin V-like domain. B7
family members are immuno-
globulin superfamily members
with immunoglobulin-V-like
and immunoglobulin-C-like
domains. CD28 and CTLA-4
have a MYPPPY motif that is
essential for binding B7-1 and
B7-2, whereas ICOS has a
FDPPPF motif and binds
ICOSL but not B7-1 and B7-2.
PD-1 is a receptor for both PD-
L1 and PD-L2 (which might
also bind to other, and yet
unidentified receptors on

T cells)

intrinsically, such as biochemical and gene-expression
changes, and those that provide extrinsic controls, including
limiting the supply of essential growth factors, costimuli,
and proinflammatory mediators, and active suppression by
regulatory T cells (Treg) (Fig. 1).

Mechanisms leading to intrinsic regulation of T cell
tolerance

Inhibitory receptors

T cells that have exited the thymus remain capable of
mounting responses to self-antigen; therefore, biochemical
and genetic feedback loops are extremely important for fine
tuning of autoreactive T cell responses. Inhibitory mole-
cules expressed on T cells are essential for the maintenance
of T cell homeostasis and self-tolerance. Expression levels
of CD5, an inhibitory receptor able to recruit SHP1 [Src
homology 2 (SH2)-domain-containing inositol-5-phospha-
tase] are dynamically adjusted on individual thymic and
peripheral T cells in proportion to the strength of TCR self-
reactivity, downregulating the response of TCRs to self-
peptides to avoid T cell activation or deletion [12, 13].
CTLA-4 (cytotoxic T lymphocyte antigen 4) and PD-1
(programmed death-1) were recognized as two major coinhi-
bitory receptors of the B7-CD28 family (Fig. 2). CTLA-4 is a
well-characterized coinhibitory receptor. The strong inhibi-
tory role of CTLA-4 is underscored by the phenotype of
CTLA-4—/— mice, that is, the development of a massive
accumulation of self-reactive T cells in peripheral lymphoid
and nonlymphoid tissues [14, 15]. Major emphasis was
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recently placed on the evaluation of dynamic changes in
CTLA-4 expression, uptake, trafficking, and degradation
during T cell activation [16—19]. These careful analyses
suggest that CTLA-4 has the potential to influence the
activating threshold needed for a T cell to progress to full
activation to mediate the attenuation of ongoing proliferative
responses and to regulate the development of T-helper subset
differentiation. Although the precise mechanism of CTLA-4
function is not clear, competition with CD28 for B7
molecules may have a critical role in mediating this outcome
[1, 20, 21]. CTLA-4 polymorphisms appear to differentially
influence its inhibitory activity. It is interesting to note that
susceptibility to a variety of human autoimmune disorders
was mapped to a noncoding 6.1-kb 3’ region of CTLA-4.
Allelic variation in this region influenced mRNA levels and
soluble alternative splice forms of human CTLA-4 [22].
This information, together with genetic data from diabetes
and thyroiditis disease models, suggests that genetic differ-
ence in the context of CTLA-4 deficiency may contribute to
the development of autoimmune disorders [23].

PD-1 is expressed on activated T cells, B cells, and
macrophages. In the presence of a TCR ligation by antigen,
PD-1 recognition of its ligands B7-H1 results in the
phosphorylation of the cytoplasmic ITIM (immunoreceptor
tyrosine-based inhibition motif) and the subsequent gener-
ation of SHP-2-dependent negative signals [24-26]. The
genetic loss of PD-1 leads to the development of autoim-
mune diseases with the genetic background influencing the
severity and type of disease [27, 28]. It is important to note
that polymorphisms in PD-1 have also recently been
associated with susceptibility to systemic lupus erythema-
tosus [29] type 1 diabetes [30].

In addition, a third member of coinhibitory receptors, B-
and T-lymphocyte-attenuator (BTLA/CD272), which
belongs to the CD28 immunoglobulin superfamily, was
identified [31]. The cytoplasmic region of both human and
murine BTLA, similar to that of PD-1 contains an ITIM.
Indeed, T cell activation is enhanced in BTLA-deficient
mice [31, 32]. BTLA-mediated inhibition of human T cell
activation occurred during both primary CD4" T cell
responses and secondary CD4" and CD8" T cell responses,
suggesting that BTLA ligation sends a constitutive “off”
signal to T cells and thus might play an important role in
the maintenance of T cell tolerance [33].

T cell anergy

T cell activation requires recognition of specific antigenic
peptides by the TCR, as signal 1, and additional costi-
mulatory signals provided by accessory surface molecules
on T cells, as signal 2. When costimulatory signals are
absent, T-helper cells become anergic. Anergy is the state in
which T-helper lymphocytes are alive but are incapable of
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proliferating and transcribing the interleukin (IL)-2 gene in
response to optimal antigenic stimulation provided by
professional antigen-presenting cells (APCs) [34]. Recent
advances in the understanding of these pathways show the
complexity of such networks and are challenging some of
our preconceptions on T cell activation requirements [35].
Although detailed description of these signaling networks
is beyond the scope of the present review, a basic outline
of the major pathways, which are potential targets of
novel immunomodulating therapeutic approaches, will be
discussed.

Ligation of the TCR by antigenic peptides presented in
the context of MHC proteins induces tyrosine phosphory-
lation of y, 8, €, and ( polypeptides of the TCR-associated
CD3 complex. This event is mediated by Src family
tyrosine kinase such as Fyn and Lck, and leads to the
recruitment of zeta-associated protein of 70 kDa (ZAP-70)
to the TCR complex. ZAP-70 is then activated by
phosphorylation of a tyrosine residue within the activation
loop of the kinase domain by Lck and ZAP-70 itself.
Activated ZAP-70 induces tyrosine phosphorylation of
various downstream effector molecules, such as the adapter
molecule linker for activation of T cells (LAT) and SH2
domain-containing leukocyte phosphoprotein of 76 kDa
(SLP-76). These scaffold proteins can associate with
distinct molecules, and this association regulates activation
cascades further downstream. Signaling enzymes such as
phosphatidylinositol 3-OH kinase (PI3K), phospholipase C,
and a variety of nonenzymatic adapter proteins link these
receptor-associated events to downstream pathways. Con-
sequences of these proximal events include activation of
mitogen-activated protein kinases (MAP kinases) through
the Ras pathway, activation of IL-2 transcription through
calcineurin phosphatase and nuclear factor of activated T
cell (NFAT), and activation of protein kinase C [36].

In anergic cells many of these critical signaling events
initiated by T cell activation do not occur, whereas other
signaling events predominate [35]. Specifically, anergic
cells are incapable of activating Lck and ZAP-70, phos-
phorylating the € and C chain of the TCR and activating
Ras, ERK, and JNK MAP kinases [37—42]. However, these
cells have increased Fyn kinase activity, increased levels of
free intracellular Ca™, phosphorylation of pLC-y1, and
increased levels of phosphatidylinositol 1, 4, 5 triphosphate
[39]. Although Ras is not activated, anergizing stimulation
results in the activation of Rapl, another small GTP-
binding protein of the Ras family, which functions as an
inhibitor of IL-2 gene transcription [43]. The mechanism by
which Rapl-GTP inhibits IL-2 production is a subject at
extensive ongoing studies. Our most recent study using
transgenic mice that express the GTP-bound mutant
RaplE63 in T cells suggest that negative regulation of
T-helper cell function by Rap-GTP is not due to the



J Mol Med (2006) 84:887-899

891

inhibition of Ras signaling pathway as previously reported
in other systems [44]. These altered TCR proximal events
and the selective predominance of unique or distinct
downstream signaling pathways result in a selective profile
of gene transcription in anergic cells. Using techniques for
comparison of gene expression, it was determined that a
distinct gene transcription program is activated in anergic
cells compared to T cells stimulated via their TCR in the
presence of costimulation [45-47]. Anergic cells also
display a distinct protein expression profile, for instance,
anergic cells exhibit increased expression of p27*P!, which
is an essential regulator responsible for the blockade of
clonal expansion of anergic T cells in vitro and in vivo [48, 49].

Extensive studies from many laboratories showed that
CD28 provides the dominant costimulatory signal that
cooperates with the TCR/CD3 complex to induce T cell
activation, cytokine production, and clonal expansion and
prevent the induction of anergy [34, 35]. Appleman et al.
[50] observed that ligation of TCR/CD3, but not CD28
alone, resulted in the activation of MEK targets extracellu-
lar signal-related kinase 1/2, whereas ligation of CD28
alone was sufficient for the activation of PI3K target protein
kinase B (PKB; c-Akt). Simultaneous activation of PI3K-
and MEK1/2-dependent pathways was required to decrease
the abundance of cyclin-dependent kinase inhibitor p27*P!
and induce cell cycle progression. These results show that
the PI3K—PKB pathway links CD28 to cell cycle progres-
sion and suggest that p27"P! integrates mitogenic MEK-
and PI3K-dependent signals from TCR and CD28 in
primary T lymphocytes [50].

It was suggested that calcium signaling is clearly critical
for the first step of anergy induction [39, 51]. Calcium-
induced anergy is mediated primarily by NFAT, a transcrip-
tion factor regulated by the protein phosphatase calcineurin.
During a productive activation, NFAT proteins are dephos-
phorylated and translocate to the nucleus where they
cooperate with numbers of the AP-1 family of transcription
factors to induce the expression of T-cell-associated genes
[52]. Induction of calcium-induced unresponsiveness corre-
lates with expression of a new set of NFAT-dependent
genes that are independent of NFAT-AP-1 cooperation and
do not overlay with genes activated during productive
stimulation. These anergy-associated genes encode several
classes of proteins that could function as negative regu-
lators of TCR signaling and TCR-induced transcription,
thus defining a genetic program associated with reduced
responsiveness [53, 54].

Among the calcium-induced anergy-associated genes are
genes encoding at least three E3 ubiquitin ligases, Itch,
Cbl-b, and GRAIL [53]. Increased expression of these
molecules may accompany chronic TCR signaling in vitro
[55]. These proteins may interfere with TCR, CD28, and
cytokine receptor signaling by tagging the TCR, CD28, and

cytokine receptor signaling molecules with ubiquitin.
Ubiquitination may trigger endocytosis, alter intracellular
trafficking, promote proteolytic degradation of receptors or
signaling subunits, or allosterically interfere with signaling
[56-58]. It is not known whether these ubiquitin ligases are
induced to higher levels in strongly self-reactive T cells in
vivo. However, their importance for preventing autoimmu-
nity in rodents is clear. Deletion or mutation of Itch and
Cbl-b in mice are associated with disseminated autoimmune
disease [59, 60]. Taken together, these extensive studies
provide compelling evidence that the balance between
stimulatory and inhibitory signals that are initiated via
surface receptors and transmitted via specific signaling
pathways is crucial to maximize protective immune
responses while maintaining immunological tolerance and
preventing autoimmunity [1].

Mechanisms of extrinsic regulation of T cell tolerance
Regulatory T cells

A significant development in the field of tolerance was the
reemergence of the concept that T cell reactivity might be
controlled by a distinct subset of T cells with a “regulatory
function,” named Treg. The majority of these in vivo
existing Treg constitutively express CD25 (IL-2 receptor
alpha chain) and constitute 5-10% of CD4" T cells in
rodents and 1-2% of CD4" T cells in humans. Many
extensive excellent reviews on the development and
function of CD4°CD25" Treg are available [61, 62]. The
present review does not directly address these issues.
Instead, we will focus briefly on the relationship between
the Treg function and the expression of the forkhead
transcription factor Foxp3.

The X-chromosome-encoded transcription factor Foxp3
belongs to large family of functionally diverse transcription
factors based on its winged helix forkhead DNA-binding
domain. Homology among full-length human, mouse, rat
Foxp3 is very high, suggesting a highly conserved function.
At present, there is very little understanding of the function
of Foxp3 at the molecular level. Foxp3 binds DNA,
localizes to the nucleus and can act as a transcriptional
repressor. Identification of consensus forkhead-binding
domains adjacent to NFAT transcription factor binding sites
in the promoters of several cytokine genes, including those
encoding IL-2, IL-4, and tumor necrosis factor, led to the
proposal of a model of Foxp3-mediated transcriptional
inhibition or repression in which Foxp3 antagonizes NFAT
function by competition for DNA-binding sites [63]. Based
on those and other studies, it was also proposed that Foxp3
is induced in a variety of cell types as a general mechanism
of negative immune regulation by repressing production of
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inflammatory cytokines. However, so far there has been no
characterization of Foxp3 target genes or the transcriptional
program regulated by Foxp3.

Foxp3 was recently identified as a key player in
CD4'CD25" Treg biology [64—66]. Recently, an unexpect-
ed observation related to the pathobiology of the Scurfy
mice and the immune dysregulation, polyadenopathy,
enteropathy, and X-linked inheritance (IPEX) syndrome in
humans has shed some light to the characterization of
naturally occurring Treg [67, 68]. The Scurfy mouse strain
was generated about 50 years ago in a program to study the
effects of ionizing radiation in mammals. The Scurfy mice
developed an X-linked lymphoproliferative disease and
died by 3 weeks of age [69]. Initial studies in these mice
indicated that their CD4" T cells were hyperresponsive to
stimulation by a variety of cytokines. In addition, the
adoptive transfer of these cells into SCID or nu/nu mice
induced a rapid wasting disease. Overall, the phenotype of
these mice resembles that of mice deficient for CTLA-4 or
for transforming growth factor-beta (TGF-f3) [70, 71]. It
was recently determined that the disease is caused by loss
of function of Scurfin, the product of a novel member of the
Forkhead family of transcription factors that was termed
Foxp3 [72]. Foxp3 functions as transcriptional repressor of
various genes, including IL-2 [63].

Foxp3 is expressed in CD4"CD25" Treg in the thymus
and the periphery [73]. Forced expression of Foxp3 gene
can convert murine naive T cells to Treg both phenotypi-
cally and functionally. T cells overexpressing Foxp3
respond poorly to stimulation compared to Foxp3™ cells
and display reduced proliferation and cytokine production
[64]. It is important to note that the amount of Foxp3

Fig. 3 Generation of Treg.

2 © Thymus
CD4"CD25" Treg are produced

mRNA in transgenic mice directly correlates with the
number of peripheral T cells [74]. This could represent the
limited homeostatic expansion capacity of Foxp3" trans-
genic Treg or a direct effect of Foxp3 " transgenic Treg on
the overall T cell expansion. It is interesting to note that
expression of Foxp3 during thymic development alone is
not sufficient to protect Foxp3—/— animals [64, 65]. This
observation indicates that Foxp3 expression within the
peripheral tissues is necessary either for the maintenance
and/or function of thymic-generated Treg, for the genera-
tion of Treg in the periphery, or for another function of
Scurfin that has not yet been determined (Fig. 3).

Foxp3 is highly conserved in humans and appears to
have a similar function in regulating immune quiescence.
Mutations within Foxp3 result in a severe X-liked autoim-
mune syndrome known as IPEX [68, 75]. This is a rare
disease in male children, characterized by autoimmune
diabetes (type 1), severe allergy, and inflammatory bowel
disease, similar to those induced in mice by depletion of
CD4'CD25" T cells. As mentioned above, it was reported
that in rodents, Foxp3 is expressed only in CD4'CD25" T
cells occurring in vivo and is not induced by in vitro
activation of CD4"CD25 ™ naive T cells [64]. In contrast, in
human T cells Foxp3 is constitutively expressed in
CD4'CD25" T cells occurring in vivo, but can also be
induced in a subset of CD4 'CD25™ T cells after stimulation
in vitro [76]. These in vitro-induced Foxp3" cells have
regulatory functions and suppress immune responses
of immune-competent T cells. This observation suggests
two possibilities: One possibility is that naive CD4 CD25~
T cells can differentiate to CD4'CD25" Treg upon TCR
stimulation. A second possibility is that some of the Treg

Periphery

in the normal thymus. Some of
the naive CD4"CD25™ T cells
may also differentiate into Treg
that express Foxp3 in the
periphery. Treg suppress the
activation and expansion of self-
reactive T cells that may cause
autoimmune diseases. In
patients with IPEX syndrome,
mutations in Foxp3 result in
severe X-linked autoimmunity.
In scurfy mice, loss of function
of Scurfin, the product of
Foxp3, results in X-linked
lymphoproliferative disease and
death by 3 weeks of age

@ Springer

_.;_

O—O@— &
@ ——)>  No CD4°CD25* Treg

Regulation
No autoimmunity

No regulation
Autoimmunity
(IPEX syndrome,
Scurfy mice)




J Mol Med (2006) 84:887-899

893

produced by the thymus are CD4'CD25  or loose their
CD25 expression during circulation in the periphery. These
cells can reacquire CD25 expression upon ligation of their
TCR by antigen in a microenvironment of high IL-2
concentration, which also triggers their expansion. These
observations indicate that there could be distinct mecha-
nisms that control the generation and function of Treg in
rodents and humans.

Reconciling the relationship between the antigen speci-
ficity of the Treg and that of the T cell being regulated will
be essential for effective therapeutic exploitation of this
phenomenon.

Antigen-presenting cells

Dendritic cells (DCs), the most potent professional APCs,
were shown to contribute to immune tolerance. This
function that is apparently incompatible with the conven-
tional view that DCs are primarily involved in innate and
adaptive immunity to infections and other antigens in vivo
[77, 78]. The question not fully answered is whether DCs at
distinct maturation stages perform a tolerogenic, or a
distinct lineage of DCs has this important role. Evidence
accumulating from both animal and human experiments
indicates that immature DCs (iDCs) can suppress peripheral
T cell responses or induce antigen-specific tolerance. In
contrast, specific factors can induce DC maturation and
promote a proinflammatory phenotype. For example,
pathogen-associated molecular patterns containing compo-
nents of bacteria, viruses, and parasites, such as lipo-
polysaccharides, peptidoglycans, CpG motifs, flagella, and
viral nucleic acids induce Toll-like receptor signaling,
which results in full activation of DCs, indicated by the
expression of costimulatory ligands, adhesion molecules,
chemokine receptors, and T-cell-activating cytokines. Such

Fig. 4 The properties of APC
determine whether the presenta-
tion of antigen to T cells will
result to the initiation of immune
response or T cell suppression.
DCs and monocytes are the
most competent APCs and can
be programmed to undergo a
classical or alternative activation
pattern. Alternatively, activated
APC have immunosuppressive
properties

Immature APC

Monocytes

Soluble factors

/ N . Inhibitory receptors
y P
(IL-10, ?)

Dendritic cells

DCs mediate full stimulatory function during antigen
presentation [78].

Local cytokine environment, e.g., presence of IL-10
and TFG-f, is another important contributor to the
establishment of DC phenotype [79]. A recently emerged
concept is that the dialog between Treg and DCs are
crucial for regulation of alloimmune responses (Fig. 4).
Using a human in vitro model system, it was shown that
iDCs exposed to Treg can increase the expression of
inhibitory molecules needed for the tolerogenic activity
of DCs, and that tolerogenic DCs, in turn, can induce
anergy in alloreactive CD4" anergy T cells, thus establish-
ing an inhibitory feedback loop [80]. Alternatively, the
tolerance-inducing antigen presentation might even be
the function of a dedicated DC subset, as indicated for
the CD11¢"CD4 0X41™ DC subset in the rat [81]. Efforts
to unravel the defining characteristics of a tolerogenic vs a
stimulatory DC have led to pioneering studies in humans
using antigen-pulsed iDCs to successfully induce T cell
tolerance [77].

Therapeutic relevance of T cell tolerance
in hematopoietic cell transplantation

Bone marrow transplantation (BMT) is extensively used to
correct hereditary defects (such as primary immunodefi-
ciencies, metabolic diseases, or hemoglobinopathies), he-
matologic malignancies (such as acute or chronic myeloid
leukemia), aplastic anemia, and medullary aplasia. Because
a totally histocompatible graft is rarely available, two types
of alloreactivity have to be dealt with. The most life-
threatening type is the graft-versus-host disease (GvHD)
caused mainly by T lymphocytes contained within the bone
marrow graft. In contrast, in other cases the graft may suffer

=T

suppression

Alternatively Activated APC

DD — L2 IR

Alternatively
Activated monocytes Tolerogenic DC
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from rejection by the host’s immune system, leading to
failure of the therapy. Induction of immunological tolerance
to alloantigens would be the treatment of choice to prevent
GvHD and allograft rejection in transplantation medicine.
Based on elucidation of the mechanisms for self-tolerance,
new and promising therapeutic interventions were devel-
oped in transplantation.

Induction of T cell tolerance by blockade of costimulation

Experimental studies showed that both CD28/B7 and
CD40L/CD40 costimulatory pathways are critical for
allograft rejection and their blockade during transplantation
induced decreased proliferation of alloreactive T cells and
increased apoptotic cell death and resulted in acceptance of
allogeneic grafts [82]. Based on these results a pilot clinical
trial was conducted that enable successful haploidentical
BMT after ex vivo blockade of the B7-CD28/CTLA-4
pathway. Recipient peripheral blood mononuclear cells
were collected, irradiated, and cocultured with donor bone
marrow ex vivo in the presence of CTLA-4/Ig to block B7-
mediated ligation, washed and infused to the patient. Ten
out of 11 treated patients engrafted and developed full
donor chimerism, and no clinically detectable GvHD [83].
These results support that ex vivo blockade of B7-mediated
signals results in acceptance of human histoincompatible
allograft in vivo without GvHD.

The role of the newly discovered pathway PD-1/PD-LI
in the regulation of T cell response in transplantation
tolerance is currently becoming apparent. In an animal islet
transplantation model, recipient mice were treated with
anti-CD40L mAb, along with PD-L1Ig, which stimulates
the coinhibitory receptor PD-1. This combined approach
induced long-term survival of pancreatic islet allografts,
whereas treatment with each reagent alone failed to prevent
islet allograft rejection [84]. In a model of GVHD, lethality
was markedly accelerated by blockade of PD-1 pathway. It
is interesting to note that coblockade of CTLA-4 and PD-1
was additive in augmenting GvHD, indicating that these
pathways are not fully redundant [85].

Therapeutic applications of regulatory T cells

Accumulated evidence indicates that Treg play a critical
role in transplantation tolerance. However, a major limita-
tion for the use of Treg is the difficulty to obtain sufficient
amounts of these relatively rare cells from a single donor.
Most studies showed that prevention of GVHD requires the
use of equivalent proportions of total donor cells and Treg.
Treg can be expanded by ex vivo culture with allogeneic
splenocytes and IL-2, and the administration of such Treg at
the time of grafting delays or prevents GvHD [86]. The
addition of TGF-f3 to the ex vivo Treg cultures strongly
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enhances the protective effect [87]. This effect may be
probably due to its later established role in enhancing the
functionality of Treg [88].

What are the effector mechanisms involved in the
protection from GvHD by Treg? The observation that Treg
expressing high levels of CD62L efficiently inhibit GvHD
lethality indicates that initially they primarily act in
secondary lymphoid tissues [87, 89]. Treg also appear to
act in GVHD target tissues such as skin, liver, lung, and the
gastrointestinal tract. In this regard, expression of the
chemokine receptor CCR5 by Treg was shown to play a
critical role in homing Treg to target tissues and to
significantly improve survival after donor lymphocyte
infusion [90]. In GvHD models, a role for Treg-generated
IL-10 was reported [91]. IL-10 plays a critical but not
exclusive role in Treg-mediated protection from GvHD.
TGF-f and CTLA-4 may mediate the partial protection
from GvHD observed with IL-10-deficient Treg [92].

GVHD and graft-versus-leukemia (GvL) are both due to
alloreactivity, and if these two targets could not be
discriminated by Treg, inhibition of GvHD by Treg would
have similar effects as T cell depleted from bone marrow
grafts. Edinger et al. [93] and Trenado et al. [94] showed
that Treg significantly delayed GvHD in irradiated BALB/c
mice injected with C57BL/6 bone marrow and T cells.
When the mice were simultaneously injected with (host-
type) A20 leukemia cells, the leukemic cells were cleared
by the injected C57BL/6 T cells while suppression of
GVHD remained unaffected. Therefore, Treg cells specific
for recipient-type alloantigens could maintain a GvL
activity. How Treg discriminate GvHD from GvL remains
an open question. One potential mechanism may be due to
the fact that Treg are more potent inhibitors of CD4" than
of CD8" effector T lymphocytes [92]. However, in contrast
to the reported discrimination of GvHD from GvL, Treg do
not appear to be able to distinguish GvHD from graft-
versus-tumor reaction [86]. Another advantage of using
Treg along with bone marrow grafts is that Treg improve
immune reconstitution [94]. This might be happening
because Treg silence host T and natural killer cells, thereby
allowing for efficient stem cell engraftment.

BMT is not only complicated by GvHD but also by
rejection of the allograft. Preconditioning regimens and
immunosuppressive drugs limit this complication and
generally, graft rejection is not a clinical issue. However,
these treatments have severe toxicity and are associated
with severe side effects. A recent study has evaluated the
capacity of ex vivo cultured Treg to inhibit bone marrow
allograft rejection in sublethally irradiated hosts and
concluded that Treg stimulated with donor-type APCs ex
vivo can efficiently induce tolerance to bone marrow
allografts. The induced tolerant state is durable and
alloantigen-specific [92].
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The role of antigen-presenting cells

As we discussed above, DCs are uniquely well-equipped
APCs, which induce and regulate T cell reactivity. They
play a critical role in central tolerance and maintenance
peripheral tolerance in the normal steady state. After stem
cell or organ transplantation, DCs present antigen to T cells
via the direct or indirect pathways of allorecognition. These
functions of DCs set in train the rejection response, but they
also serve as potential targets for suppression of alloim-
mune reactivity and promotion of tolerance induction.
Presently, the enhancement of the tolerogenicity of DCs
was achieved by the use of iDCs or the pharmacological
inhibition of DC maturation, or by the use of genetically
engineered DCs expressing immunosuppressive molecules
[95].

A novel strategy involving the use of DCs for the
regulation of T cell responses consists of the generation of
cytokine-modified regulatory DCs. In particular, DCs
differentiated in the presence of exogenously added TGF-
{3, IL-10, granulocyte/macrophage colony-stimulating factor
(GM-CSF), and IL-4 possess the immunophenotyic and
functional features of iDCs and induce CD4'CD25" Treg
cells that suppress the response of Ag-primed CD4" T cells
to allogeneic normal mature DCs. Notably, the incidence of
xenogenic GVHD was significantly reduced in SCID mice
receiving transplants of human T cells primed with murine
cytokine-modified DCs, indicating that these regulatory DCs
induced anergy in human xenoreactive T cells, e.g., human T
cells that recognized murine H-2d MHC molecules. A single
injection of murine regulatory DCs after xenogenic trans-
plantation prolonged the life span of hu-PBL-SCID mice,
and this therapeutic effect could be abrogated by sequential
injections of IL-2 [96].

The role of immunosuppressive drugs in the induction of
regulatory DCs was extensively reviewed elsewhere [95].
Corticosteroids do not affect DC viability but downregulate
the expression of costimulatory molecules on iDCs, prevent
DC maturation, and impair their immunostimulatory activ-
ities by inhibiting the nuclear factor-kappa B pathway. The
two calcineurin inhibitors cyclosporine A and tacrolimus
have no effect on the expression of phenotypic markers
during DC generation, but reduce the expression of
costimulatory molecules on Langerhans cell and inhibit
their differentiation in the epidermis. The capacity of DCs
and Langerhans cells to stimulate allogeneic T cells is
reduced in the presence of either drug [97].

The currently developing observations about the signif-
icance of the distinct differentiation programs of APC in the
regulation of the immune response may have important
implications in the field of transplantation. Clinical data
showed that allografts of G-CSF-mobilized peripheral
blood stem cells (PBSC) have an unexpected immunolog-

ical behavior [98]. Transplantation of allogeneic G-CSF
mobilized PBSC, which contain tenfold higher numbers of
T cells compared with bone marrow grafts, did not result in
higher incidence of GvHD. Moreover, such grafts achieved
better engraftment across the HLA barrier. Potentially,
CD14" cells contained in the G-CSF-mobilized peripheral
blood mononuclear cells have an active role in the reduced
responsiveness of the CD4" cells contained in this
population. These CD14" cells are involved in the impaired
transactivation of the CD28 response element of G-CSF-
mobilized CD4" cells. It was shown that such CD14" cells
produce high levels of IL-10 and mediate their effect in an
IL-10-dependent manner [99, 100].

G-CSF was initially used as a lineage-specific growth
factor for neutrophils. It was also shown that G-CSF-
mobilized PBSC from healthy donors contain high numbers
of type 2 DCs (DC2), which prime T cells to produce 1L-4
and IL-10 [101]. It is interesting to note that umbilical cord
blood, another source of allogeneic stem cells for trans-
plantation associated with low incidence of acute GvHD,
contains DC2 and not DC1 type cells [102, 103]. These
studies suggest that donor APC regulate both GvHD
induction and engraftment and have a critical role in the
clinical outcome of allogeneic transplantation. Taken
together these observations suggest that APCs are potential
regulators of the development and severity of GvHD.
Moreover, they provide evidence that intervention in the
regulation of APC maturation, differentiation, and surveil-
lance, the complexity of which is only being unraveled
now, provides great promise for therapeutic potential.

Conclusions and future directions

Lymphocyte quiescence has begun to gain recognition as an
actively maintained state. Transcription factors appear to
inhibit lymphocyte activation, metabolism, cell size, and
cytokine transcription. In addition to intrinsic, powerful
extrinsic mechanisms also control quiescence of T lympho-
cytes. CD4'CD25" Treg have an essential role in control-
ling autoimmunity and allergy both in rodents and in
humans. Despite the large number of studies examining
Treg biology, many questions still remain unanswered.
What is their antigen specificity and affinity? Are there
specific markers for their identification? How are these cells
generated in the thymus and how are they maintained and
expanded in the periphery? What are the mechanisms by
which they prevent autoimmunity in vivo? What is the
mechanism via which Foxp3 mediates its effects? Clearly,
more molecular understanding is required for the charac-
terization of participating cell populations, identification of
mechanisms responsible for their function, and exploitation
of their properties for clinical applications.
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Understanding the biochemical and molecular events
that characterize intrinsic mechanisms of immune quies-
cence and regulate induction and maintenance of T cell
tolerance/anergy will allow the development of new assays
to evaluate the immune status of patients in a variety of
clinical settings, including cancer, autoimmune diseases,
and bone marrow or solid organ transplantation. It will also
identify targets for the antigen-specific modulation of a
variety of detrimental immune responses. This will involve
the development of small molecules that activate anergy-
specific signaling events or the development of RNA
interference approaches for genes that need to be targeted
to modify the antigen-specific response. Generation and
expansion of antigen-specific T cells and Treg for use in
adoptive immunotherapy protocols will greatly facilitate
transplantation across the MHC. Such treatment approaches
will minimize or prevent graft rejection and GvHD,
allowing transplantation between individuals with increas-
ing HLA disparity, thereby expanding the donor pool,
enabling reduction of the need for nonspecific immuno-
suppression, and eliminating the risk of opportunistic
infections.
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