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Review series introduction

An integrated view of suppressor T cell subsets
In Immunoregulation

Hong Jiang and Leonard Chess

Department of Medicine and Pathology, Columbia University College of Physicians and Surgeons, New York, New York, USA.

The immune system evolved to protect organisms from a virtually infinite variety of disease-causing agents but
to avoid harmful responses to self. Because immune protective mechanisms include the elaboration of potent
inflammatory molecules, antibodies, and killer cell activation — which together can not only destroy invading
microorganisms, pathogenic autoreactive cells, and tumors, but also mortally injure normal cells — the immune
system is inherently a “double-edged sword” and must be tightly regulated. Immune response regulation includes
homeostatic mechanisms intrinsic to the activation and differentiation of antigen-triggered immunocompetent
cells and extrinsic mechanisms mediated by suppressor cells. This review series will focus on recent advances indi-
cating that distinct subsets of regulatory CD4* and CD8* T cells as well as NK T cells control the outgrowth of
potentially pathogenic antigen-reactive T cells and will highlight the evidence that these suppressor T cells may
play potentially important clinical roles in preventing and treating immune-mediated disease. Here we provide a
historical overview of suppressor cells and the experimental basis for the existence of functionally and phenotypi-
cally distinct suppressor subsets. Finally, we will speculate on how the distinct suppressor cell subsets may function

in concert to regulate immune responses.

The potential capacity for the immune response to induce or acti-
vate disease was clearly recognized at the turn of the 20th century
by Paul Ehrlich, who emphasized that the immune system must
carefully distinguish between self and non-self in order to avoid
autoimmunity. Ehrlich envisioned that during the ontogeny and
outgrowth of the immunocompetent clones responsive to foreign
antigens, there had to be mechanisms to control the outgrowth
of clones reactive with self (1). Moreover, the failure to control the
outgrowth of autoreactive cells would lead to a state of “horror
autotoxicus,” or autoimmunity. Ehrlich’s ideas were amplified
and developed with the elaboration of the clonal selection hypoth-
esis (2-4). This hypothesis was further refined with identification
of the antigen receptors on T and B cells and discovery that the
antigen specificity of these receptors is a consequence of random
recombination of the many V, D, and J genes encoding the antigen-
binding sites of these receptors, a process that could generate more
than 10° distinct receptors (5).

According to a modern interpretation of the clonal selection
hypothesis, multiple clones of immunocompetent cells displaying
unique antigen-specific receptors exist prior to interaction with
antigens and in the case of T cells get selected on the basis of inter-
action with self-peptides bound to MHC molecules in the thymus.
The majority of thymocytes bearing high-affinity receptors for
self-antigens are eliminated centrally during thymic differentia-
tion by an apoptotic mechanism termed negative selection. How-
ever, many self-reactive T cells with low to intermediate affinity
for self-antigen escape thymic negative selection and are released
into the periphery, where they are capable of autoantigen-driv-
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en activation, proliferation, and differentiation into potentially
pathogenic effector cells (6-9). Thus, mechanisms that normally
regulate the outgrowth or function of these self-reactive T cells
ultimately control the initiation and progression of autoimmune
disease. A corollary of these notions is that autoimmune diseases
arise from either the failure to eliminate or inactivate high-affinity
immunocompetent cells during their ontogeny and/or the failure
of the immune system to control the outgrowth or function of
intermediate self-reactive clones that escape into the periphery.
In addition to direct autoimmune attack, the immune system
can also induce disease, because the very protective immunologic
mechanisms that are employed to limit the outgrowth of invading
foreign pathogens or tumor cells can induce “collateral damage” on
normal, uninfected cells in the vicinity of immune attack. This col-
lateral damage is mediated in large part by inflammatory cytokines
and is thought to account for the destruction of normal tissues
clinically observed during the physiologic immune attack aimed
at the elimination of foreign pathogens or tumors. To prevent
immune disease either induced directly by autoimmune attack or
to control collateral damage occurring during all immune respons-
es, a complex network of interacting regulatory peripheral mecha-
nisms has coevolved to prevent or dampen immune-mediated dis-
eases. These regulatory systems include mechanisms intrinsic to
the antigen activation and differentiation of T cells as well as those
mediated by regulatory “suppressor” T cells. This JCI review series
on regulatory T cells will focus on recent advances indicating that
distinct subsets of regulatory CD4* (10-12) and CD8" T cells (refs.
13, 14 and the present article) as well as NK T cells (NKT cells)
(15) function to suppress the outgrowth of potentially pathogenic
antigen-reactive T cells. The series will highlight the resurrection
of the idea that suppressor T cells play potentially important clini-
cal roles in the prevention and treatment of immune-mediated
disease. The articles will review evidence that suppressor cells are
essential for the control of autoimmunity and are also involved
in the control of the immune response to transplanted allografts
(12), allergens (16), and infectious pathogens. The series will also
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include a review of T cell vaccination, which may be mediated by
some or all of the Tregs (17).

In this series introductory article, we will emphasize that the
regulation mediated by these suppressor T cell subsets is superim-
posed on intrinsic regulatory mechanisms induced by antigen acti-
vation alone. Thus, we will first describe the intrinsic homeostatic
mechanisms that control immune responses independent of sup-
pressor cells. We will then briefly describe the experimental histori-
cal basis for the existence of the CD4*, CD8*, and NKT suppressor
subsets and attempt to give an overview of their unique functions.
Finally, as a prelude to the rest of the articles in the series, we will
speculate on how the distinct subsets of suppressor cells function
in concert to regulate immune responses.

Homeostatic regulatory mechanisms intrinsic

to antigen activation and differentiation that function
independently of suppressor cells

TCR affinity, apoptosis, and antigen-induced cell death. Immune
responses are initiated when the antigen-specific TCRs expressed
by resting CD4" T cells are triggered by MHC-peptide complexes
in concert with costimulatory molecules expressed by APCs (18-
20). This triggering induces CD4" T cells to proliferate, secrete
cytokines, and express cell-surface molecules including the
IL-2 receptor (CD2S5), CTLA-4, and CD40 ligand (CD40L) criti-
cal for the subsequent growth and functional differentiation of
T cells. To regulate the immune response, the immune system
has also evolved several homeostatic feedback mechanisms to
downregulate and control the outgrowth, differentiation, and
function of peripheral antigen-activated CD4* T cells (Figure 1).
One level of control resides at the initial clonal activation of the
T cell receptor itself by MHC-peptide complexes. The functional
consequences of T cell signaling are dependent on the affinity and
duration of binding of the TCRs with MHC-peptide complexes
(21, 22). For example, there is a threshold of affinity necessary
for optimal activation and differentiation of T cells, whereas trig-
gering of very high-affinity TCRs can induce apoptotic pathways
leading to activation-induced cell death (AICD) (23).

The homeostatic role of costimulatory molecules in immunoregulation.
During the initial T cell-MHC-peptide interaction, other recep-
tor ligand interactions also become pivotal in ultimately dictat-
ing the functional fate of T cells. For example, one of the earliest
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antigen activation-induced cell-surface molecules expressed by
T cells is CD40L (24). CD40L interacts with CD40 expressed on
B cells to induce antibody formation and with CD40 expressed
on antigen-presenting DCs to induce cellular immune responses
(25,26). Another critical consequence of the interaction of CD40L
with CD40 expressed on APCs is the upregulation of other key
costimulatory molecules, including CD80 (B71) and CD86 (B72)
(27, 28). These molecules interact with CD28 expressed on naive
T cells to provide the costimulatory signal required for optimal
activation of T cells. However, following activation, a structurally
related molecule termed CD152 or CTLA-4 is expressed that also
binds CD80 and CD86 but delivers inhibitory signals to T cells.
The consequence of CTLA-4 negative signaling is abrogation of
functional activation. The resulting nonfunctional T cells are
termed anergic or tolerant. Thus, blockade of either the CD40L/
CD40 pathway or the CD28/B7 pathway can lead to inhibition of
immune responses and tolerance induction (20, 28-30).

The differentiation of CD4* T cells into subsets expressing different arrays
of cytokines. A third general set of regulatory mechanisms, also a con-
sequence of the initial triggering of CD4" T cells by MHC-peptide
complexes, is the further differentiation of the CD4" T cells into
the functionally distinct Th1 and Th2 subsets phenotypically dis-
tinguished, in part, by the elaboration of distinct sets of cytokines
(31-33). In this regard, IFN-y secreted by Th1 cells is known to
downregulate the differentiation and function of TH2 cells and,
conversely, IL-4. TGF-f and IL-10 inhibit Th1 cell differentiation
(33-35). In addition, other cytokine-secreting Th subsets capable
of secreting the immunosuppressive cytokines IL-10 and/or TGF-
but not IL-4 (termed Tr1 or Th3 cells) (36-38) have been observed
and will be reviewed in detail in several articles in this review series.
A widely prevalent view is that the balance between the emergence
of Th1, Th2, as well as the other Th cytokine-secreting CD4* Tregs
following antigen activation plays a major role in the outgrowth and
functions of self-reactive and foreign reactive clones (39-41).

Homeostatic regulatory mechanisms mediated

by dominant suppression of the immune response

The origin of the idea of suppressor T cells and its initial demise. Superim-
posed on the intrinsic mechanisms of homeostatic regulation are
extrinsic mechanisms mediated by suppressor T cells that control
the induction and/or outgrowth of antigen-activated T cells. In
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this regard, the idea that suppressor T cells may be critical to the
control of virtually all immune responses arose in the laboratory
of Richard Gershon at Yale University in the late 1960s in studies
of immune tolerance to foreign antigens. Gershon showed initially
thatadoptive transfer of T cells from animals made tolerant to for-
eign antigen “X” could specifically suppress the production of anti-
X antibodies in recipient animals (42, 43). These studies were rap-
idly extended in numerous laboratories, which documented that
suppressor cells were not only involved in the peripheral regulation
of cells responding to foreign antigens but also participated in the
regulation of self-reactive cells and in the control of autoimmu-
nity (44, 45). The first models of the pathways by which suppres-
sor T cells might function in the specific regulation of immunity
arose from the seminal studies by Cantor and Boyse, who showed
that genetically well-defined alloantisera could be used to identify
phenotypically stable and functionally distinct subsets of T cells.
These studies ultimately led to the discovery of CD4* and CD8" T
cell subsets (46-50). Implicit in these discoveries was the idea that
the CD4" and CD8* T cell subsets were genetically programmed
during ontogeny, prior to interaction with antigen, to mediate
distinct functional programs. The CD4" T cells were functionally
programmed to induce both antibody responses and cell-mediated
immune reactions. In contrast, the CD8* T cells were not geneti-
cally programmed as inducer cells but instead were programmed
to differentiate into killer cells capable of destroying tumor cells
or cells infected with intracellular pathogens. However, following
interaction with antigen-activated CD4" T cells, CD8" T cells could
be induced in vitro to differentiate into suppressor cells, which in
turn downregulate the activity of the CD4* T cell population (51,
52). Experiments employing allosera to the MHC molecule Qa-1
suggested that Qa-1 was expressed on the suppressor-inducer
subset of CD4* T cells (51, 52). This is of interest because eventu-
ally Qa-1 was cloned and found to be an MHC class Ib molecule
capable of presenting endogenous as well as exogenous peptides
(53) to CD8* T cells. However, the potential significance of Qa-1
expression on suppressor-inducer cells in vivo was not delineated
until the last several years, with experiments employing mono-
clonal antibodies to Qa-1 and Qa-1-knockout mice (54-56) (see
below). Precise characterization of the specificity and functional
phenotype of suppressor cells generated in these complex cellular
experiments was impossible, largely because there were no pheno-
typic markers at the time that definitively distinguished the CD8
suppressor cells from the more conventional CD8 or CD4 T cells.
Moreover, the biological significance of these in vitro findings was
not placed on firm in vivo footing because of the lack of mono-
clonal antibodies to the murine CD4 and CD8 populations and
the lack of molecular genetics-based approaches to study CD4- or
CD8-deficient animals.

In this regard, it is important to emphasize that the original sup-
pressor cell circuits were initially conceived and/or deduced at a
time when molecular immunology was in its infancy. For example,
the nature of the TCR was unknown, as was the precise structure
and function of MHC molecules in restricting T cell activity. In
addition, the great majority of the cytokines that are now known
to regulate immune functions had not yet been identified. It was
also unknown that antigen activation of the TCRs induced intrin-
sic homeostatic mechanisms, including the differentiation of
CD4* T cells into Th1 and Th2 subsets which elaborated distinct
sets of regulatory cytokines. Clearly, understanding the precise
role of these lymphokines in suppression would have significantly
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influenced the interpretation of data suggesting that an array of
antigen-specific factors was uniquely secreted by suppressor cells.
Lack of this information, however, caused interest in the models
of T cell suppression mediated by CD8" T cells to wane by the
mid-1980s (45, 57, 58), and skepticism about the importance of
T cell suppression dominated the field until the 1990s. Although
some of the skepticism concerning T cell suppression mediated by
CD8* T cells in the mid-1980s was justified, it is clear now that the
proverbial baby had been thrown out with the bath water. Indeed,
many of the ideas and models of immunoregulation that have
been dismissed were essentially correct and have far reaching bio-
logical and clinical significance.

The resurrection of CD8* suppressor T cells. The resurrection of the
concept that CD8" T cells mediate T cell suppression was initiated,
in part, by the publication of 2 articles in Science in 1992. The stud-
ies showed that CD8* T cells participate in vivo in the resistance to
disease induced during the natural history of experimental autoim-
mune encephalomyelitis (EAE), a well-studied model of the human
disease multiple sclerosis (59, 60). For example, EAE is induced by
myelin proteins such myelin basic protein (MBP), which activates
encephalitogenic CD4* Th1 cells. Mice of the B10PL strain com-
pletely recover from the first episode of EAE and become highly
resistant to the reinitiation of EAE by secondary immunization.
If these protected mice are then depleted of CD8" T cells through
the use of monoclonal anti-CD8, the protection is reversed, and
the mice develop clinical EAE upon reimmunization with MBP
(59). Furthermore, mice depleted of CD8" T cells during the initial
induction of EAE and allowed to recover normal levels of CD8* T
cells are not resistant and develop EAE again upon rechallenge with
MBP. Thus, CD8" T cells require priming during the first episode of
EAE to regulate CD4" T cells triggered by secondary MBP stimula-
tion in vivo. Moreover, when CD8/- mice are bred with EAE-suscep-
tible PL/J mice, the progeny of the CD8/~ and PL/] mating develop
more chronic EAE than the wild-type PL/J mice, as reflected by a
higher frequency of relapses (60). These experiments provide evi-
dence that CD8" T cells play a key role in both inducing resistance
to autoimmune EAE and in abrogating or suppressing recurrent
relapsing episodes of pathogenic autoimmunity in vivo.

These experiments set the stage for a series of studies designed
to further delineate the cellular pathways involved in CD8"* T cell
suppression. An unexpected consequence of these studies was the
initial reemergence of the Qa-1 component of the suppressor story
alluded to above. The key experiments involved the isolation of
CD8" T cells from EAE-recovered mice and showed that they func-
tioned as suppressor cells and specifically downregulated or killed
some but not all MBP-activated CD4* T cell clones. Importantly,
the CD8" suppressor cells were shown to preferentially suppress
the potentially pathogenic autoreactive clones, and deletion of the
CD8* suppressor T cell was associated with recurrence of disease.
Conversely, adoptive transfer or induction of the suppressor cells
prevents disease. Thus, during the natural history of EAE, the CD8*
suppressor T cells fine tune the MBP-reactive TCR repertoire even
within the TCR V@ families that are preferentially activated by
MBP in vivo (9). Analogous experiments using the superantigen
staphylococcal enterotoxin B (SEB) showed that CD8* T cells
were involved in the downregulation of the CD4* T cell response
to SEB in vivo and in vitro (54). The specific inhibition of CD4*
TCR V8 target T cells in both the EAE and SEB experiments was
blocked by monoclonal antibodies to the TCR off and CD8 but
was not blocked by antibodies to MHC class 1a molecules. This was
Volume 114
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intriguing and suggested that perhaps the nonclassical MHC class
1b molecules may play a role in vivo in restricting the suppression
mediated by CD8" T cells. Indeed, subsequent experiments in vivo
showed that the suppression mediated by CD8* suppressor T cells
is blocked by antibodies to the MHC class 1b Qa-1 molecule (9, 54,
61). Importantly, the Qa-1* CD4" T cells could be employed as vac-
cine T cells and used to induce regulatory CD8" T cells in vivo. This
T cell vaccination procedure protected animals from developing
EAE, and this protection was abrogated by depletion of the Qa-1-
restricted CD8* T cells in vivo (61, 62).

In very recent experiments, the Cantor laboratory has created
Qa-1-deficient mice and used them to directly demonstrate, in
vivo, the important role that Qa-1 plays in the regulatory pathway
mediated by CD8+ T cells in the control of autoimmunity (56). The
authors convincingly demonstrated that the Qa-1-deficient mice
develop severe EAE when exposed to the myelin-associated self-pro-
teolipid protein (self-PLP) peptide and fail to develop the resistance
to EAE that normally develops in wild-type mice after immuniza-
tion with PLP peptide. Furthermore, the failure of resistance to
EAE is associated with the escape of Qa-1-deficient CD4 cells from
CD8" T cell suppression, which could be restored by lentiviral-based
expression of the syngeneic Qa-1 allele. These results form the heart
of the functional data on Qa-1-deficient mice, demonstrating the
in vivo relevance of Qa-1 in the control of autoimmunity. Further-
more, the authors also showed that Qa-1- deficient mice fail to con-
trol expansion of herpes simplex virus 1-induced (HSV-1-induced)
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Figure 2

Model of cognate interactions in the induction and function of Qa-1—
restricted regulatory CD8+ T cells. (A) Initial activation of CD4+ T cell
TCRs with peptide-MHC complexes induces the expression of Qa-1
bound with a variety of self-peptides on the surface of the CD4+ T
cells. (B) Anti—-Qa-1-self-peptide CD8* precursor T cells are activated
by Qa-1—expressing CD4+ T cells. The Qa-1-restricted CD8* Tregs
selectively downregulate certain but not all antigen-activated CD4+ T
cells based on the specific recognition of Qa-1-self-peptide complexes
expressed on certain CD4+ T cells by TCR af on the CD8* T cells. In
this regard, we have demonstrated in the EAE model that self-reactive
CD4+T cells, which are selectively downregulated by the CD8+ T cells,
are enriched in potentially pathogenic self-reactive T cell clones (9).

CD4* Th1 cells that induce ocular keratitis and blindness. These
Th1 CD4* T cells are specific for HSV peptides cross-reactive with
self-corneal tissues and thus confirm the findings in another rele-
vant autoimmune disease model. Moreover, these studies also show
that the effect of Qa-1 on regulatory CD8" T cells in the control of
autoimmune disease in vivo is only observed during the secondary,
but not the primary, immune response.

A number of biologic features of the Qa-1 molecule make it par-
ticularly interesting with respect to its role as a restricting element
in immunoregulation. First, Qa-1 is preferentially expressed on
activated, but not resting, T cells. Moreover, the fact that surface
expression of Qa-1 on activated T cells is short lived may exclude
resting T cells from downregulation by Qa-1-dependent CD8" T
cells. Second, Qa-1 is of limited polymorphism, with the potential
to present self- and foreign peptides to CD8" T cells. The predomi-
nant self-peptide presented by Qa-1 is Qdm, a hydrophobic peptide
(AMAPRTLLL) derived from the leader sequence of certain MHC
class Ia molecules (63). However, during T cell activation, Qa-1 can
also bind other hydrophobic self-peptides that may serve as target
antigens for the CD8* T cells, as described above. Because the Qa-1-
self-peptide complexes can interact with the CD94-NKG2 receptors
expressed on NK or classical CD8* T cells to either positively or
negatively regulate function, Qa-1 may not only serve as the target
of CD8 suppression, but also regulate the function of CD8" sup-
pressor T cells via the CD94-NKG2 receptors.

In summary, we envision that the CD8 T cell regulatory pathway
comprises a series of sequential cellular events (Figure 2). It is ini-
tiated by the activation of naive CD4" T cells during the primary
immune response, in which the TCRs on CD4* T cells interact with
MHC class II-peptide complexes presented by conventional APCs.
This initial interaction induces the surface expression of activa-
tion-dependent Qa-1-self-peptide complexes which is not observed
in resting T cells. These activation-dependent Qa-1-self-peptide
complex serve as both the inducer and target structures recognized
by TCR aff on regulatory CD8* T cells. Thus, the Qa-1-self-peptide
complex expressed by activated CD4* T cells triggers TCR of on
regulatory CD8" T cells. These CD8" T cells then differentiate into
effector cells, which in turn suppress CD4* T cells expressing the
same target Qa-1-self-peptide complex. This suppression is linked
to specific antigen activation of CD4" T cells, and as a consequence
the peptides bound by Qa-1 will likely be those induced by antigen
activation. Whether they represent specific peptides derived from
the CD4 T cell TCR (TCR VP or Va. peptides) or peptides derived
from activation molecules induced by antigen triggering is not
known. The mechanism of effecting suppression of the CD4"* T
cells by the Qa-1-restricted CD8"* T cells has not been definitively
Volume 114 1201
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delineated; however, the consequences of TCR triggering of CD8*
T cell precursors may be conventional and involve differentiation
into specific CTLs that lyse target cells and/or secrete lymphokines
that downregulate the target cells.

Furthermore, it has also been shown that a distinct population
of antigen-specific, non-Qa-1-restricted CD8*CD28" cells can
suppress immune responses by directly interacting with antigen-
presenting DCs and rendering these cells tolerogenic (64-66). The
suppression involves the upregulation of inhibitory Ig-like tran-
script 3 (ILT3) and ILT4 receptors expressed on the DCs. APCs
tolerized by CD8" T cells show reduced expression of costimulatory
molecules and induce antigen-specific unresponsiveness in CD4*
T helper cells. The precise function of these cells in vivo is not clear,
and it is not known whether they interact with the Qa-1-restricted
CD8" suppressor cells or, alternatively, whether Qa-1-restricted T
cells induce tolerogenic DCs.

Finally, the Qa-1-dependent regulatory CD8 pathway has begun
to be translated from mice to humans with the in vitro findings
that human CD8* T cells can be induced to differentiate into regu-
latory cells whose function is dependent on HLA-E, the human
homolog of Qa-1 (67, 68). These data support the idea that clini-
cally relevant methods to induce and/or enhance this suppressive
pathway in humans may prove useful in the prevention and treat-
ment of human autoimmune disease. The details of several of the
points in this section will be expanded upon in the series reviews
from the Cantor and Kumar laboratories (13, 14).

The rapid rise of CD4* suppressor T cells. Although suppressor cells
were initially identified within the CD8" T cell population (49,
50, 69), it was later found that suppressor cell function could be
mediated by CD4" T cells independent of CD8" T cells (50, 70-72).
For example, in the early 1980s, it was shown that coculture of
graded numbers of polyclonally activated human CD4* T cells
to autologous resting CD4" T cells inhibited the capacity of the
resting CD4" T cells to induce B cell differentiation and Ig syn-
thesis in vitro (73, 74). The in vivo significance of these findings
in humans were unknown. However, in vivo experiments in mice
in the mid-1980s placed the idea of CD4* suppressor cells on a
firmer biological foundation. In particular, studies by Sakaguchi
and colleagues on the organ-specific autoimmune disease induced
in mice following neonatal thymectomy were quite revealing.
These thymectomized mice were shown to have reduced numbers
of CD4* as well as CD8* T cells. Furthermore, reconstitution of
thymectomized mice by highly enriched populations of CD4* but
not CD8" T cells from syngeneic normal mice completely inhibited
disease development (70).

A decade later in 1995, Sakaguchi showed for the first time
that the suppression mediated by CD4" T cells is a function of
the small subset of CD4*CD25" cells (71). The transfer of T cells
depleted in the CD4*CD25* population into nude (athymic)
mice led to a variety of autoimmune diseases, which could be
prevented by injection of purified CD4*CD25" T cells but not
CD4*CD25" T cells. The field of CD4*CD25* regulator cells,
termed “CD4'CD25" Tregs,” was thus born and has experienced
an explosive growth over the past few years (75, 76). Thus, the
general experimental protocols employed to characterize these
suppressor cells in vivo took advantage of the observation that
mice deficient in T cells (neonatally thymectomized, nu/nu mice
or Rag”/~ mice) do not develop autoimmune disease following
adoptive transfer of normal syngeneic spleen cells unless the
spleen cells are depleted of CD4"CD25" T cells. Thus, when
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CD4" splenic T cells prepared from normal mice were depleted
of CD25* cells and the remaining CD4* T cells were transferred
to syngeneic T cell-deficient mice, the recipients spontaneously
developed various organ-specific autoimmune diseases (includ-
ing type 1 diabetes [T1D], thyroiditis, and gastritis) and systemic
wasting disease. Reconstitution of the CD4*CD25" population
inhibited the autoimmune development (72, 76). However, it is
becoming increasingly clear that in many situations, CD4*CD25-
T cells are as effective as CD4*CD25" T cells in controlling T cell-
mediated disease (77, 78).

In this regard, seminal studies of the potency of suppressor T cells
by Lafaille and colleagues unequivocally showed that very small
numbers of CD4" suppressor cells can regulate immune responses
in vivo independent of CD8* T cells. This set of studies evaluated
TCR-transgenic mice expressing the MBP specific for the TCR
expressed on pathogenic clones and known to induce EAE (T/R*
mice). Lafaille found that these T/R" mice rarely develop spontane-
ous EAE. However, when the T/R* mice are crossed with Ragl~~
mice to obtain mice that have only T cells expressing the transgenic
MBP-specific TCR (T/R- mice), almost all mice develop spontane-
ous EAE (79). Because both T/R" and T/R™ mice have large numbers
of the potentially encephalitogenic CD4* anti-MBP T cells, these
results suggest that a very small number of nontransgenic lym-
phocytes, which are present in T/R* but absent in T/R" mice, can
potently suppress the in situ activation of CD4" anti-MBP T cells
mediating EAE. To identify the cellular regulatory mechanisms
important in this suppression, T/R" mice were crossed into mice
deficient in either B cells, CD8* T cells, NKT cells, TCR yd cells, or
TCR af} cells (80, 81). Only mice that were deficient in CD4* a3 T
cells developed EAE. Moreover, T/R- mice were protected from EAE
by the early (that is, prior to the onset of EAE) adoptive transfer of
purified CD4" T cells from normal donors. These results support
the view that under certain experimental conditions CD4" cells
alone can suppress the initiation of autoimmunity. Moreover, it
was subsequently shown that both CD4*CD25* and CD4*CD25-
cells could mediate this suppression (78, 82).

The precise relationship between the CD4'CD25" and
CD4*CD25" regulatory cells is not clear. As described above, the
intrinsic homeostatic regulatory mechanisms pertaining to all
CD4" T cells — including AICD, costimulatory molecules (CD40L/
CD40, CD28, or CTLA-4/B7), cytokine secretion and differentia-
tion into Th1, Th2, and Tr1 subsets — are involved to some degree
in the regulation of all immune responses independent of suppres-
sor cells, so that the relationship between these known intrinsic
mechanisms and suppressor cell function is of paramount impor-
tance. This is a particularly important issue with respect to regula-
tion by CD4*CD25* suppressor T cells, because at the present time,
there are no known cell surface molecules that uniquely distin-
guish the CD4* suppressor cells from conventional activated CD4*
cells. For example, the CD25 molecule, which is the a-chain of the
IL-2 receptor, is expressed on all peripheral antigen-reactive CD4*
T cells from one to several days following antigen activation. More-
over, many of the other cell-surface molecules in addition to CD25
that seem to distinguish CD4°CD25" from CD4*CD25" Tregs are
upregulated on CD4*CD25- T cells following antigen activation.
These molecules are therefore not unique differentiation anti-
gens that define functional subsets but in fact are T cell activa-
tion molecules that are like CTLA-4, the glucocorticoid-induced
TNEF receptor family-related gene (GITR), and CD45RO (76, 78,
83, 84), which are expressed on the majority of CD4" T cells follow-
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Figure 3

Tregs control the peripheral induction and clonal outgrowth of antigen-reactive T cells. This illustration shows various pathways of
immunoregulation mediated by suppressor subsets of NKT, CD4+, and CD8* T cell subsets. Each of the regulatory T cell subsets expresses
distinct receptors, employs different effector mechanisms, and functions predominately at different stages during the course of the peripheral
immune response. The NKT and CD4+CD25+ regulatory cells are “natural suppressor cells”; they are present prior to antigen activation and
primarily function during the early “innate” and/or primary adaptive immune responses. In contrast, the CD8+* regulatory cells are induced to

differentiate into suppressor effector cells during the primary immune
during the secondary and memory phases of immunity.

ing antigen triggering of the TCR. The CTLA-4 may be of special
interest with respect to the function of CD4"'CD25* regulatory
cells because, like CD25, CTLA-4 is thought to be constitutively
expressed on the CD4*CD25* suppressor populations (85), and
blockade of the CTLA-4 interactions with their CD80 or CD86
receptors in vivo can abrogate suppression. Moreover, T cells trig-
gered via CTLA-4 predominantly secrete TGF-f}, a cytokine with
suppressive functions (86). On the other hand, in vitro experiments
have not been able to document a blocking effect of anti-CTLA-4
on suppressor cell function (87). The search is still on to define
specific markers that distinguish the subsets of CD4* suppressor
subsets (78, 83, 84). This general issue will be further discussed in
several review articles in this series (particularly refs. 10-12).
With respect to the general role of cytokines in the suppres-
sion mediated by CD4" Tregs, the cytokine profiles found in
the various populations of CD4* suppressor cells include a vari-
ety of combinations of the already-known immunoregulatory
cytokines (i.e., IL-10, TGF-f, IL-4, IFN-y). For example, there
are CD4*CD45Rb'"" activated suppressor cells that secrete large
quantities of either IL-10 and IL-4 (termed Tr1 cells) and other
CD4"CD45Rbl¥ suppressor T cells that secrete large quantities of
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response, and they function as effector-suppressor cells predominately

TGF-B (termed Th3 cells) (38). (The role of IL-10 cytokine expres-
sion will be discussed in detail in the series review by O’Garra et
al., ref. 11) The functional significance of these cytokine-secret-
ing CD4* T cells is supported by the findings that TGF-p-defi-
cient mice develop autoimmune disease (88) and that adminis-
tration of neutralizing antibodies to IL-4 or TGF-f} abrogates
the in vivo prevention of autoimmunity or tolerance-inducing
activity of CD4" T cells in some models (89, 90). The relation-
ship of these cells to the CD4*CD25*CTLA-4" cells is unclear. For
example, the in vitro capacity of CD4*CD25" T cells to suppress
immune responses is known to be contact dependent and not
due to the IL-10, TGF-f, and IL-4 cytokines alone. It is possible
the Th3 and Tr1 populations arise from “conventional” resting
CD4*CD25" T cells, which, following antigen activation, express
CD235. Taken together, these data may suggest that CD4*CD25-
T cells, which function to suppress immune responses in vivo,
may not represent a lineage-specific suppressor population. In
contrast, the naturally occurring CD4*CD25" T cells responsible
for preventing autoimmunity in neonatal immune-deficient mice
are thought to represent a lineage-specific suppressor population
arising directly from the thymus (76).
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In this regard, it is of great interest that a recently cloned tran-
scription factor, termed Foxp3, a member of the forkhead family
of DNA binding transcription factors, is not expressed in naive
CD4*CD25" cells but is highly expressed in the naturally occur-
ring CD4'CD25" regulatory cells. Importantly, mutational defects
in the Foxp3 gene result in the fatal autoimmune and inflamma-
tory disorder of the scurfy mouse and in the clinical and molecu-
lar features of the immunodysregulation, polyendocrinopathy,
enteropathy, X-linked syndrome (IPEX syndrome) in humans.
Both scurfy mice and IPEX patients have defects in T cell activation
and reduced numbers and reduced suppressor functions mediated
by the CD4°CD25* T cells (91-93). In Foxp3-overexpressing mice,
both CD4*CD25- and CD4-CD8" T cells show suppressive activity,
which suggests that expression of Foxp3 is linked to suppressor
functions (94). Taken together, these data strongly support the
idea that Foxp3 may uniquely define the subset of naturally occur-
ring CD4" suppressor T cells. However, the recent findings that
Foxp3 can be expressed in CD4*CD25- cells following activation
and are also expressed in activated CD8* T cells suggest that Foxp3
is linked to functional suppression but not necessarily as a specific
lineage marker (95-98).

Finally, the identity of the receptors that enable the CD4*CD25*
suppressor T cells to preferentially suppress self-reactive T cells and
yet preserve normal immune functions remains a major unresolved
issue. This apparent cognitive capacity to distinguish self from non-
selfis on the surface difficult to reconcile with a number of studies
that have provided convincing evidence that the suppression medi-
ated by CD4*CD25" Tregs is not antigen specific (87). Thus, in ele-
gant experiments, the Shevach laboratory showed that when T cells
from TCR transgenic mice are activated with their peptide-MHC
ligand and expanded in vitro in IL-2, the activated suppressors are
subsequently capable of suppressing the responses of T cells from
mice that express a different transgenic TCR (87, 99). Moreover,
no MHC restriction is observed in the interaction of the activat-
ed suppressors and the responding targets (100). Thus, the TCRs
employed by these regulatory CD4* T cells are likely to be quite
diverse, and it is unknown whether their capacity to distinguish
self from non-self is dependent of the TCR o they express. Insight
into the mechanism by which these antigen-nonspecific T cells can
still distinguish self from non-self may come from recent studies
showing that the CD4* T regulatory cells when nonspecifically
activated by LPS express toll-like receptors (101). Thus, these natu-
rally occurring Tregs may represent the regulatory component of
the innate immune system responsive to “danger-like signals.”
Perhaps self-reactive T cells preferentially express ligands that are
recognized by toll-like receptors expressed by the regulatory cells.
Clearly, the elucidation of the precise target structures recognized
by CD4*CD25" Tregs may help define the receptors employed by
the regulatory cells to distinguish self from non-self. In contrast,
as noted above, the Qa-1-restricted CD8* suppressor T cells are not
naturally occurring cells but instead are specifically induced during
the primary adaptive immune response and are triggered to differ-
entiate into effector-suppressor cells, which distinguish among the
clones of autoreactive cells responding to a single peptide. Unlike
the naturally occurring CD4*CD25" suppressor T cells, Qa-1-
restricted, CD8" suppressor T cells employ their TCR af to recog-
nize and distinguish targets of suppression.

NKT cells. NKT cells are a unique population of cells that express
receptors of the NK lineage as well as a TCR aff. Murine NKT
cells express an invariant TCR a chain encoded by the Va14-
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Ja281 gene segment, paired preferentially to various VP chains
(102). Human NKT cells express the Va24-JaQ invariant chain.
The NKT cells recognize and kill tcumor cells expressing lipid anti-
gens structurally related to the glycolipid a-galactosylceramide
(a-GalCer). These lipids are presented to NKT cells by the MHC
class Ib molecule CD1d (103). Analogous CD1d-restricted NKT
cells, which express the invariant Va24-JaQ TCR, are also present
in humans (104, 105). The CD1d-restricted NKT cells are mainly
of CD4" or CD4-CD8- phenotype (106), and although originally
functionally defined, both in vivo and vitro, by their capacity to
lyse a variety of tumor cells (107), they were later found also to
be involved in the regulation of autoimmune diseases (108, 109).
These in vivo roles in immune responses are thought to be linked
to the fact that following TCR antigen triggering in vivo, NKT
cells were observed to develop augmented killer cell activity and
secrete large amounts of cytokines, including IL-4 and IFN-y, as
well as TGF-f and IL-10 (103, 110-112), known to be involved in
the activation of cell types important in mediating both innate
immunity and Th2-type adaptive immunity.

As a consequence, NKT cells have been shown to influence the
course of autoimmune disease in a variety of animal models. Prom-
inent among the diseases affected by NKT cells are those primarily
induced by Th1 cells, including the NOD diabetes model and the
EAE models of multiple sclerosis (109, 113, 114). In these diseases,
the evidence strongly suggests that the Th2-favoring cytokines,
IL-4 and IL-10, secreted by NKT cells play an important role (111,
115, 116). Adoptive transfer of cell populations enriched for NKT
cells prevents T1D in NOD recipients (115, 117, 118). Moreover,
depletion of NKT cells early in the evolution of diabetes in the
NOD mice accelerates the onset of diabetes (119). For example,
it was found that lack of CD1-restricted NKT cells promotes the
development of diabetes, whereas activation of Va.14* NKT cells by
a-GalCer suppresses disease in the NOD model. Similarly, mod-
els of colitis or multiple sclerosis (EAE) depletion of NKT cells
accelerates the onset of disease, whereas in vivo activation of NKT
cells by treatment with the glycolipid ligand induces significant
improvement or prevents disease. These effects are abrogated in
CD1d-deficient mice.

A reduction in number or altered function of NKT cells has also
been correlated with autoimmune disease in humans. In patients
with multiple sclerosis who are in relapse or remission, the frequen-
cy of Va24-JaQ NKT cells is reduced in comparison with normal
donors or patients with other autoimmune/inflammatory neuro-
logical diseases. In addition, diabetic individuals had lower frequen-
cies of Va24-JoQ NKT cells in comparison with their nondiabetic
monozygotic twins (120). The few Va24-JaQ NKT cell clones that
could be isolated from these diabetic patients were deficient in IL-4
production. Taken together, these studies suggested the hypothesis
that NKT cells play a role in natural protection against destructive
Thl-mediated autoimmunity in T1D. However, a more recent study
comparing diabetic patients and healthy controls, including discor-
dant twin pairs, demonstrates that NKT cell frequency and IL-4
production are conserved during the course of T1D. These results
do not necessarily refute the hypothesis that NKT cell defects
underlie T1D but may indicate that immunoregulation of autoim-
mune disease is mediated by several subsets of immunoregulatory
cells functioning in concert (121). Thus, in any particular patient,
autoimmunity may not reflect not a single deficiency in one subset,
but instead a defect in an integrated system of immunoregulation
mediated at different levels by distinct T cell subsets.
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Subsets Target cells Molecular interaction between regulatory Stage of Regulatory In vivo

of Tregs of suppression cells and inducer/target cells immunity mechanisms function
Induction phase Effector phase affected

NKT cells Tumor cells, TCR recognizing Same as Natural; innate IL-4, IL-10, Destruction of
pathogen- CD1d/glycolipid; induction phase TGF-B, IFN-y; tumors and pathogens;
activated T cells, restricted by CD1d cytotoxicity regulation of Th1-
and/or APCs mediated autoimmune

diseases

CD4+CD25- T and B cells; Activated by MHC May function by Primary early Predominately Suppression of a

Tregs ?APCs class Il-peptide elaborating cytokines mediated variety of

nonspecifically by cytokines autoimmune diseases

CD4+CD25+ T cells; Activated by Target and specificity  Primary early? Requires cell-cell Prevention of a variety

Tregs ?APCs MHC class Il-peptides  is unknown; contact, cytokines  of autoimmune

nonspecifically suppression is not diseases, regulation of
MHC restricted allograft rejection;
immune response
to pathogens

Qa-1- Antigen-activated TCR recognizing Same as induction Secondary late*  Cytotoxicity; Fine tuning peripheral

restricted T cells differentially ~ Qa-1/hydrophobic phase requires cell-cell TCR repertoire;

CD8+ Tregs  expressing Qa-1— self-peptides; contact, ?cytokines maintaining self-
self-peptide restricted by Qa-1 tolerance and
complexes controlling

autoimmune disease

CD8+CD28- DCs Activated by Target of suppression Primary early Upregulation of Possibly regulation of

Tregs classical MHC is unknown ILT3 and ILT4 autoimmunity

class la—peptide, on DCs

nonspecifically?

ACD4+CD25+ Tregs isolated from naive unprimed mice protect recipient animals from autoimmune diseases when adoptively transferred. In contrast,
Qa-1-restricted CD8* Tregs require priming during primary immune response in order to regulate the secondary immune response in vivo.

Thus, as a member of the family of immunocompetent cells
participating in the innate immune response, NKT cells are posi-
tioned to influence and interact with other Tregs during the early
phases of the autoimmune response (122). Their interaction with
CD4* T cells is implicit in their capacity to secrete cytokines such
as IL-4 and IL-10 that may shift the Th1-Th2 balance. In addition,
there is evidence that NKT cells also interact with CD8* T cells in
immunoregulation (123). The mechanisms through which NKT
cells may regulate tolerance induction are complex and involve
interactions with CD4* and CD8" regulatory cells. The complexity
of how NKT cells are involved in regulating immune responses is
the topic of the series review by Godfrey and Kronenberg (15).

An integrated overview of immunoregulation by NKT,
CD4+CD25+, and Qa-1-restricted CD8* T cell subsets

The resurgence of interest in immunosuppression mediated by T
cells during the last decade has come from several distinct lines
of investigation that have led to the concept that the immune
system has evolved a variety of regulatory mechanisms mediated
by distinct T cell subsets to suppress the outgrowth of poten-
tially pathogenic self-reactive T cells. The regulation mediated by
these suppressor subsets is superimposed on intrinsic regulatory
mechanisms induced by the initial encounter of the TCR with
antigen (Figure 3). These mechanisms include the induction of:
(a) cell death if the encounter is of very high affinity; (b) nonre-
sponsiveness if the encounter occurs in the absence of appropriate
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costimulatory signals; and (c) the antigen-triggered differentiation
into various Th subsets that secrete distinct arrays of Th1, Th2,
Trl, or Tr3 regulatory cytokines.

Given this intricate set of intrinsic regulatory mechanisms, one
can legitimately ask why the immune system evolved an extrinsic
set of regulatory mechanisms dependent on suppressor cells. The
answer is simply that in the absence of T cell suppression, the
intrinsic mechanisms are not sufficient to prevent autoimmunity
or dampen immune responses to prevent collateral immune inju-
ry. To begin to understand the important interplay between the
intrinsic and extrinsic mechanisms, it is important to emphasize
that each of the extrinsic T cell suppressor subsets express distinct
receptors, employ different effector mechanisms, and function at
different stages during the evolution of immune responses (see
Table 1). Thus, the NKT cells and CD4*CD25" regulatory cells
exist from the very early stages of life as “natural suppressor cells”
prior to antigen activation and primarily function during the
“innate” and/or primary immune responses. The NKT cells are
endowed with pauciclonal TCR af}s consisting of an invariant
Vo chain that specifically permits recognition of glycolipid mol-
ecules often expressed by various pathogens and presumably also
expressed by tumor cells, activated blasts, and injured apoptotic
cells that arise at the inception of immune responses. These NKT
cells are thus poised to secrete IL-4 and IL-10, which are known to
influence the balance of Th1 or Th2 cells that emerge during the
primary immune response.
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Cells of the naturally occurring CD4*CD25* suppressor subset,
which are capable of suppressing the outgrowth of autoreactive
cells, also exist in the peripheral lymphoid system. These cells, like
the NKT cells, can function during the primary immune response
and do not require specific induction. In vitro, the suppressor func-
tion of these cells can be shown to dependent of cell-cell contact,
but they can also express immunoregulatory cytokines including
TGF-B, which may be involved in the their suppressor function in
vivo. The precise specificity of these cells for their targets remains
unknown, and it is not clear whether APCs and/or T cells are the
targets of CD4*CD25*-mediated suppression. Moreover, although
the CD4*CD25" suppressor cells express conventional TCR af3, the
evidence suggests that these TCRs are not involved in the direct
recognition of the targets of suppression.

In contrast to both the NKT cells and the naturally occurring
CD4*CD25" regulatory cells, the Qa-1-restricted CD8" Tregs are
not prevalent in naive animals prior to antigen encounter. As a
consequence, adoptive transfer of CD8* T cells from naive animals
has no effect on the outcome of autoimmune responses, and deple-
tion of CD8* T cells prior the first induction of autoimmunity has
no effect on the first episode of disease either. However, the CD8"
regulatory cells function like classical immunocompetent cells
activated during adaptive immune responses. Thus, the they are
induced by autologous CD4" T cells activated during the primary
immune response and differentiate into effector-suppressor cells,
which function predominately during the secondary and memory
phases of immunity. Thus, adoptive transfer of CD8" T cells from
self-antigen-primed mice will retard the outgrowth of the poten-
tially pathogenic self-reactive T cells. In this regard, it is of inter-
est that CD8* Tregs are known to mediate resistance to autoim-
munity following initial recovery from disease and to decrease the
incidence and severity of relapse of the disease. In contrast to the
CD4'CD25" T cells, the CD8" Tregs utilize their TCR afs to direct-
ly recognize target cells in an MHC-restricted fashion. Thus, the
CD8" Tregs are Qa-1 restricted and selectively downregulate cer-
tain but not all activated T cells that preferentially express Qa-1-
self-peptide(s) on their surface. They are poised to fine tune the
immune response to suppress new or renewed outgrowth of

autoreactive cells during episodes of relapse from autoimmune
disease. These suppressor cells thus represent more the adaptive
suppressive response to immunity, whereas the CD4" and NKT
suppressor subsets mediate natural immunity to the outgrowth
of potentially pathogenic cells.

In summary, in this introductory JCI series article, we empha-
sized the idea that immunoregulation is carried out in an inte-
grated manner by distinct suppressor T cells subsets that are
superimposed on intrinsic homeostatic control mechanisms.
Understanding the precise interplay between these intrinsic and
suppressor mechanisms will undoubtedly be involved in the
immunopathogenesis of a variety of diseases associated with
abnormalities in immunoregulation. The evidence that distinct
suppressor subsets are involved in many autoimmune states has
been alluded to above and will be highlighted in greater detail
in subsequent articles in this series (10, 13-15). In addition, the
series will review the mounting evidence that suppressor cells are
important in the immunopathogenesis of infectious and allergic
diseases (11, 16) as well as allograft rejection (12). Finally, the idea
that clinical induction of suppressor mechanisms may be impor-
tant in the control of immunologic disease was conceived in the
early days of the study of suppressor T cells. Induction of suppres-
sor mechanisms by T cell vaccination to prevent autoimmunity,
the study of which was pioneered by Irun Cohen in the early 1980s,
was recently shown to involve suppressor T cells, as noted above. In
this regard, the series will include a review of recent ideas concern-
ing the immunobiology of T cell vaccination (17).
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