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Summary: Regulatory T cells have emerged as an important mechanism of regulating tolerance and T cell responses. CD4*
regulatory T cells can be divided into two main groups, natural regulatory T cells, which express high levels of CD25 on
their cell surface and phenotypically diverse adaptive (antigen induced) regulatory T cells. Natural regulatory T cells are
made in the thymus, and require strong costimulatory signals for induction and maintenance, express a transcription fac-
tor called Foxp3, and function by a largely unknown mechanism. Adaptive (antigen induced) regulatory T cells are made
by sub-optimal antigenic signals in the periphery, in the presence of immunosuppressive cytokines, often in special circum-
stances, such as chronic viral infections or after mucosal administration of antigen, and rely on cytokines such as IL-10
and TGF-[3 for suppression. Regulatory T cells offer a great potential for the treatment of autoimmune diseases and during

transplantation.
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Introduction

T lymphocyte populations are maintained under tight
homeostatic regulation, ensuring maintenance of sufficient
and stable cell numbers, with distinct population ratios, and
with a proper localization within distinct anatomical com-
partments. Lymphocytes have an ability to respond and
eliminate foreign antigens presented to them by antigen
presenting cells, and to remain tolerant to self-antigens. At
times mechanisms which ensure this regulation are dis-
rupted, affecting T cell numbers and functions, such as seen
for example dramatically in human HIV infection, after che-
motherapy or following hematopoetic stem cell transplan-
tation. Inappropriate T cell activation can even lead to an
attack on host tissues, such as seen in GVHD or auto-
immune diseases. T cell tolerance is primarily ensured during
development of T cells in the thymus, where potentially
autoreactive T cells are eliminated during the process of ne-
gative selection. This is known as central tolerance. Even
though the molecular mechanisms of central tolerance
induction are still not fully explained, it has been demon-
strated that failed induction of central tolerance due to de-
fective negative selection can lead to autoimmunity (38,56)
under certain circumstances. However, not all T cells spe-
cific for self-antigens are eliminated in the thymus and
self-antigen specific T cells are often present in peripheral
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lymphoid organs of healthy individuals, where they can be
readily detected. However, these self-specific T cells usually
do not cause autoimmunity, even though they might be spe-
cific for autoantigens associated with the development of
autoimmune disease (6,51), a fact that implies efficient
peripheral control. It is clear that such efficient control
involves different cell types, which often collaborate and
interact with each other through different pathways. In the
1970s a concept of T suppressor cells emerged, suggesting
that T cells police themselves in ensuring self-tolerance in
the periphery, a concept which was later rejected based on
the lack of mechanisms available to explain the cellular and
molecular nature of the suppressor concept. Only recently
has the concept been revised and reintroduced, with recent
work expanding our understanding of the role and mecha-
nism of action of regulatory T cells. Here, we summarize
current concepts of the regulatory T cell phenomena, focus-
ing on CD4" regulatory T cells, starting with the definition
of a regulatory T cell, we discuss the classification of the
great multitude of T cells exhibiting regulatory function, as
well as how these cells are generated and maintained. We
also mention the role of dendritic cell (DC) populations,
and discuss the mechanisms and pathways implicated in re-
gulatory T cell mediated immunoregulation. We end with
a summary on their potential therapeutic use in the context
of autoimmune diseases and transplantation.
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Fig. 1: Origins and relationship between regulatory T cell (Tg) populations.

Thymic development results in the generation of natural CD4* CD25* TR cells and naive CD4" CD25- T cells. Stimulation
of T cells in the periphery under tolerogenic conditions leads to the maturation of adaptive Ty cells, while stimulation un-
der optimal conditions leads to the generation of effector cells. Adaptive Ty, cells suppress effector immune repsonses ma-

inly by a cytokine (IL-10, TGF3) dependent mechanism,

mechanism.

Mechanisms Involved in Maintenance
of Peripheral T Cell Tolerance

Although not a focus of this review, we should mention
briefly the mechanisms involved in maintaining peripheral
tolerance of T cells. Firstly, encounter with self-antigen in
the absence of proper stimulatory conditions can lead to
a state of intrinsic functional inactivation, termed anergy
(recently reviewed in 50), where a lymphocyte remains
alive for an extended period of time but is hyporesponsive.
Interestingly, there is a clear link between anergy and T cell
regulatory function (39,50). Secondly, autoreactive T cells
may be eliminated by apoptosis during activation induced
cell death (AICD). Thirdly, even though T cells might be-
come fully activated, operational tolerance might still be
maintained, when T cell cytokine production or their traf-
ficking properties are such that damage is avoided, a me-
chanism called phenotype skewing. The fourth mechanism
is called ignorance, where a self-antigen specific T cell re-
mains tolerant either because the self-antigen is sequestered
in the body, or because it is in such low amounts that a T cell
response is not triggered. This mechanism is thought to
operate relatively less frequently. Finally, such regulation
may be induced and actively maintained by distinct regula-
tory cell populations.
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while natural Ty cells function by a largely uncharacterized

Definition and Populations
of Regulatory T Cells

Regulatory T cell might be defined by their role in main-
taining T cell homeostasis, peripheral tolerance, and in the
regulation of immune responses. However, depending on
the circumstances, their action may potentially be either be-
neficial or detrimental to the host (Table 1). The existence
of regulatory T cells, originally called suppressor T cells,
was for the first time shown by R.K. Gershon and K. Kondo
in 1971 (25). Due to the lack of understanding of the
phenomenon, caused by the lack of techniques available at
the time, as well as due to certain erroneous conclusions

Tab. 1: Roles of regulatory T cells.

Positive
e Maintain T-cell homeostasis
¢ Maintain peripheral tolerance
¢ Prevent transplantation immune reactions (rejection
and GVHD)
¢ Prevent hypersensitivity and allergy

Negative
e Suppress tumor immunity
¢ Suppress immunity to infection




Tab. 2: Distinct regulatory T cell subsets other than Th1/Th2 CD4* T cells.

A.| CD4*

Circumstances of Regulation

a. CD4* CD25* CD45RB!*¥

day-3 thymectomy autoimmunity A
autoimmune colitis in SCID mice reconstituted with CD45Rb" T cells

allograft tolerance
b. CD4* CD25" CD62L"

autoimmunity after adult thymectomy plus irradiation
non-obese diabetic (NOD) mice

autoimmune diabetes

c. CD4" CD25- autoimmune colitis in SCID mice reconstituted with CD45RbM T cells
allograft tolerance
d. T,3 mucosal Ag specific
e. Trl mucosal (nasal) peptide
B.| CD8" experimental autoimmune encephalomyelitis (EAE)
C.| TcRaB* CD4-CD8- allograft tolerance
D.| NKT autoimmune diabetes
E.| yoT cutaneous inflammation

reached, the field was later abandoned. Recently however,
a new era of interest began with observations by Sakaguchi
and colleagues (3,49) on the ability of CD4" CD25" regu-
latory T cells to prevent autoimmunity caused by thy-
mectomy. The list of T cell subsets with demonstrated
regulatory function is quite extensive (Table 2). This in fact
presents quite a challenge to the understanding of regula-
tory T cell function. The CD4" regulatory T cell group re-
presents a heterogeneous group, with regards to their cell
surface phenotype, origin, as well as cytokine production
profile, and it appears that some of the subsets are related
developmentally and/or are associated functionally. This is
in addition to the fact that helper CD4 T cells of distinct
cytokine production profile patterns, T helper type 1 (Thl)
or 2 (Th2), can also regulate immune responses. Recently,
Bluestone and Abbas (11) described a classification of these
populations into spontaneously appearing ‘natural’ regula-
tory T cells (CD25 expressing CD4" subset, and perhaps
also NK-T cells and y&T cells), the role of which might be
maintenance of peripheral tolerance, and ‘adaptive’ regu-
latory T cells which arise as a result of encounters with
antigen in the periphery in the right milieu, and express va-
riable cell surface markers. The usual role of these ‘adap-
tive’ cells might be perhaps more to downregulate adaptive
immune responses.

Natural Regulatory T Cells

Natural regulatory T cells are cell populations normally
present in healthy hosts, including in man, which are cru-
cial for the maintenance of peripheral self-tolerance. The
CD4" CD25* population seems to be the major subset (6,11),
although other T cells, such as NK-T cells and y&T cells,
likely belong to this category as well. The CD4* CD25" re-
gulatory T cells normally constitute 5-10 % of peripheral
CD4* T cells, express high levels of CD25 (the alpha chain
of the IL-2 receptor). However, CD25 is also expressed by
T cells undergoing activation (although regulatory T cells

may have a higher level of CD25 expression). Even though
other markers can be used for detection, such as cytotoxic
T-lymphocyte antigen 4 (CTLA-4), glucocorticoid-induced
tumor-necrosis factor receptor family-related gene (GITR),
CD103 ((}EB7 integrin), and low expression of CD45RB
(6,11), none of these markers is specific for regulatory cells
alone, making their detection challenging.

The CD4" CD25" regulatory T cells seem to be natu-
rally generated during T cell development in the thymus,
where they are generated under high avidity interactions
when a developing thymocyte escapes negative selection
(10,11,54). These cells might be perhaps selected by ecto-
pically expressed peripheral self-antigens presented by cer-
tain specialized stromal populations, such as the medullary
epithelial cells (MEC). The high levels of CD25 expression
on their surface suggest that these cells might be kept under
constant activation by self-antigens (41).

It has been shown that their generation as well as main-
tenance requires costimulatory signals delivered through
CD28, since they are not made in CD28 deficient mice
(11) and that it also requires IL-2 (2). Even though strong
signals are required for their generation, they do not pro-
liferate in-vitro (57), however they are able to undergo
homeostatic expansion when transferred into lymphopenic
hosts (24). Their importance can be documented in several
different systems. For example, thymectomy in mice between
days three and five after birth leads to the development of
a multiorgan autoimmune syndrome, which includes auto-
immune thyroiditis, gastritis, oophoritis, orchitis and a wast-
ing disease which can be prevented by the administration of
CD4*CD25* T cells (3,46). It is argued that thymectomy at
this age prevents production of thymic regulatory T cell
subsets, while sufficient T cell production has already
occurred to ensure T cell mediated functions, such as de-
layed type hypersensitivity, allograft rejection, and help for
Ab production. Even adult thymectomy followed by irra-
diation in certain rat strains results in a similar autoimmune
syndrome, which again can be prevented by the admini-
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stration of CD4" CD25" cells (22). Also, severe combined
immunodeficient (SCID) mice reconstituted with CD45RBM
cells develop autoimmune colitis, which can be prevented
by injecting CD4" CD25* CD45RB" T cells. However
CD25" regulatory T cells show some protective role in this
model as well, albeit not as potent (reviewed in 52). While
these experiments demonstrate regulatory T cell function,
they share as a drawback the fact that such function occurs
under lymphopenic conditions, where T cell homeostasis is
dramatically changed by feedback mechanisms driving resi-
dual T cells toward regenerative homeostatic expansion. It
is possible that regulatory T cells under these conditions
simply outcompete the pathogenic T cells due to their high
affinity for self-antigen. This scenario would not apply
under normal non-lymphopenic circumstances, and there-
fore experimental models without lymphopenia are very
valuable for the dissection of regulatory T cell function. This
can be demonstrated for example in T cell receptor (TCR)
transgenic mice, where the TCR transgene encodes a diabe-
togenic specificity. These mice do not develop diabetes, be-
cause transgenic T cells are kept under control by regulatory
T cells generated in these mice by endogenous rearrange-
ment of the TCR in about 10 % of peripheral T cells. When
endogenous rearrangement is stopped, by breeding the mice
on a recombination activating gene (RAG) deficient back-
ground, the mice progress to diabetes. Similar models exist
for autoimmune encephalitis (all reviewed in 6).

Recently, natural regulatory activity in mouse CD4"
CD25" T cells has been shown to require a transcription
factor called Foxp3 (forkhead/winged-helix protein) (review-
ed in 48). Interestingly, even CD4" CD25- and CD4-CD8&"
T cells with no regulatory activity have become suppressive
after ectopic expression of Foxp3, demonstrating that this
transcription factor is both sufficient and necessary to in-
duce regulatory function in T cells, and the importance of
this transcription factor can be documented in mice defi-
cient in Foxp3, which develop an autoimmune syndrome.
Interestingly, mutations in the human homologue of Foxp3
lead to IPEX syndrome (Immune dysregulation, polyendo-
crinopathy, enteropathy, and X-linked inheritance) charac-
terized by global immune dysregulation, with autoimmune
endocrinopathy, early onset type 1 diabetes and thyroiditis,
and in some cases manifestation of severe atopy, including
eczema, food allergy and eosinophilic inflammation (48).
Foxp3 seems to be a specific marker of natural regulatory
T cells, it has not been found in naive and activated T cells
without regulatory activity, however the precise molecular
role of Foxp3 is not clear. It remains to be seen, if this fac-
tor is also associated with regulation by adaptive regulatory
T cells.

Adaptive (Antigen-induced) Regulatory T Cells
It is also clear that regulatory T cells may be generated

in-vivo or in-vitro from CD4* CD25" T cells without regu-
latory function or alternatively from natural CD4* CD25*
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regulatory T cells in the periphery following antigenic sti-
mulation (11,28,62). Their development seems to be favor-
ed by antigen presentation in a suboptimal ‘tolerogenic’
form, such as by immature dendritic cells (DC), or perhaps
by populations of specialized but suppressive dendritic cells
(63), in the presence of insufficient costimulatory signals
and certain immunosuppressive cytokines, namely 1L-10 or
IL-4 (11,13,28,58,62), so in quite different circumstances
from ‘natural’ regulatory T cells, which, as mentioned above,
require a strong, high affinity signal with costimulation.
Protocols, which induce anergy in-vivo and in-vitro have re-
sulted in the generation of regulatory T cells, especially in
the presence of IL-10 (1,3,14,28,34,58). The anergy state of
these populations may be different from usual adaptive
anergy, because, for example, it is maintained even in the
absence of antigen, whereas adaptive anergy normally de-
cays under these conditions.

Phenotypic characteristics of these populations are vari-
able, they may belong to different lineages, including TcR-03
and yO T cells. Just as with natural regulatory T cells, the
CD4'TcR-03 T cell subset represents an important popula-
tion of the antigen-induced regulatory T cells, and they often
express CD25 (11), and share other markers with natural
CD25" regulatory T cells, which brings up the question of
how these populations are related developmentally. Adap-
tive regulatory T cells generally produce immunosuppressive
cytokines, such as IL-10, and TGF[, which, as mentioned
above, also promote their development. They can in fact be
divided based on cytokine production into certain sub-
populations, such as IL-10 producing T 1 cells (27,28,35),
TGF-B producing Ty3 cells (64,70), and IL-4 producing
T,;2-like cells (31).

It is quite interesting to consider further the circum-
stances under which these cells are generated. They may de-
velop spontaneously when triggered by autoantigen. For
example, CD25* CD62L" regulatory T cells isolated from
diabetes prone non-obese diabetic (NOD) mice show regu-
latory activity when transfered with pathogenic T cells into
NOD/SCID mice (37). However, they are not able to pro-
tect congenic NOD recipients against diabetes without the
recipients’ manipulation, e.g. by irradiation (12). On the
other hand, mucosal administration of antigens, including
orally administered insulin generates very potent regulatory
T cells, the phenotype of which varies with the route and
form of administration, which are able to protect against di-
sease even in immunocompetent non-lymphopenic hosts
(5,17,31,69). It is likely that mucosal sites, where environ-
mental and bacterial antigens are routinely encountered
favor regulatory T cell development due to the milieu of
mucosal DC populations, which have been described to
preferentially induce regulatory T cells (65) and due to the
presence of cytokines, such as IL-10 and TGF-3.

Alternatively, predominantly T.1 cells secreting I1L-10
are induced during infections, sometimes triggered by spe-
cific pathogen associated antigens, and lead to immuno-
suppression. This has been demonstrated with viruses, such



as the mouse Friend leukemia virus (32), EBV virus in hu-
mans (42), and during infections with other pathogens
(9,44) in mice. The consequence of such immunosuppres-
sion might be detrimental, by suppressing the elimination
of the pathogen, serving as an immune evasion mechanism
(45) and perhaps contribute to the establishment of viral
latency. Interestingly, immature DC populations have been
recently described in a murine AIDS model, where patho-
logy is induced by the expression of the HIV nef protein
(47), raising the possibility that regulatory T cells may play
a role in HIV associated immunodeficiency.

Finally, these cells can be induced by i.v. administration
of antigen. For example, antigen-specific tolerance to allo-
grafts can be established by administration of alloantigen
by this way, especially in the context of other immuno-
suppressive regimen, and can subsequently be transferred
to naive animals by CD4" T cells (13).

In summary, not every self-specific T cell needs to be
harmful, but in-fact the inefficient negative selection in the
thymus might generate self-specific regulatory or potential-
ly regulatory T cells, which are turned on in the periphery
in the right circumstances (antigenic and inflammatory
environment, cytokines, dendritic cells). Even though the
adaptive regulatory T cells share the function of tolerance
maintenance with natural regulatory T cells, it may be the
inflammatory conditions under which they are generated
and triggered that separate them. The natural regulatory
T cells might operate more in a non-inflammatory environ-
ment, while they might acquire the characteristics of anti-
gen induced regulatory T cells in an inflammatory setting
(recently reviewed in 11). Further the fact that antigens in-
duce either an effector or a regulatory T cell indicates that
the immune system needs to achieve a fine balance between
immune control of infection, tumors and autoimmunity.
How this balance is achieved, and how all the different po-
pulations of T cells are precisely regulated is an area of in-
tensive investigation.

Mechanisms of Action of Regulatory T Cells

Both natural and adaptive regulatory T cells need to be
triggered by antigen to suppress other T cells. The antigenic
specificites of this are largely unknown, but as mentioned
above, it is thought that both autoantigens and, in the case
of adaptive regulatory T cells, foreign antigens can trigger
their function.

The targets of their suppression are ultimately other
T cells, both CD4" and CDS8". This can be demonstrated in
in-vitro cultures (57) as well as in in-vivo systems (6). It also
appears that suppression can occur at both the priming
stage of an immune response (13) and at the effector stage.
In fact, at the effector stage, it may involve damage control,
rather than induction of unresponsiveness (26). The regu-
lated T cells are inhibited in their proliferation, as well as
differentiation and cytokine production (57). It has been
thought that regulatory T cells may block differentiation to-

ward THI, and skew responses toward a TH2 profile, how-
ever, both types of responses can be suppressed. The fact
that Ty;2 responses can also be suppressed demonstrates
that regulatory T cells have a potential to modulate airway
hypersensitivity diseases (1). Even though regulatory T cells
can directly inhibit other T cells, they can also do so in-
directly by having an effect on dendritic cells. IL-10 produc-
ing adaptive regulatory T cells in particular downregulate
levels of MHC class II and costimulatory molecule expres-
sion on dendritic cells, favoring an immature dendritic cell
phenotype. Such immature dendritic cells fail to stimulate
T cells optimally, but instead favor further development of
more regulatory T cells (33).

Regulatory T cells are triggered by specific antigens, (in
most cases unknown), but the antigenic specificity of sup-
pression is variable. Adaptive regulatory T cells which are
induced by i.v. administration of alloantigen mediate anti-
gen specific suppression (6,13) which can be transferred
adoptively, and affect naive T cells not exposed to the tole-
rizing antigen (infectious tolerance). In this case responses
to other than the tolerizing antigen are maintained. How-
ever, other alternatives exist. Tolerance can spread to other
antigens. In many cases, suppression is mediated in a by-
stander manner, meaning, that any specificity is suppressed
(66). In a scenario called linked suppression, antigen speci-
fic suppression towards one antigen spreads to different
antigens presented at the same site (same antigen presenting
cell) (19). The molecular pathways of suppression are not
completely understood. In-vitro, this phenomenon is con-
tact dependent, especially for natural regulatory T cells,
and in most cases does not involve cytokines. Cytokine de-
pendent bystander regulatory T cell suppression has been
demonstrated in-vivo, particularly by the adaptive types and
in some natural regulatory T cell in in-vivo systems as well
(52). For example, antibodies against IL-10 or its receptor
can block colitis induced by cell transfer into SCID mice
(28), T2 immediate hypersensitivity (18), or bystander
suppression in an EAE model (4). Similar effect has been
observed with blocking TGFf in a T, 3 mediated regulato-
ry activity model (21). As far as natural regulatory T cells
are concerned, they are mostly considered not to depend
on cytokines for their regulation. In the in-vivo systems in-
volving natural regulatory T cells where cytokines do play
a role, the mechanism may be quite complex. It is not clear
what cell actually produces the suppressive cytokine, and it
is also possible that adaptive regulatory T cells are gene-
rated in these models as well (6,11).

Regulation in most cases does not lead to a physical eli-
mination of the regulated T cell. However, deletion can also
occur in certain settings (40).

In order to try to understand regulatory T cell mediated
suppression, certain things must be taken into considera-
tion. Firstly, the in-vitro assays may not completely reflect
the biology of in-vivo mediated regulation. Secondly, as al-
ready mentioned above, a lot of work on regulatory T cells
has been carried out in experimental models with lympho-
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penia, where T cell homeostasis is normally under the
influence of regenerative mechanisms. Since the natural
CD4"CD25" regulatory T cells are thought to have arisen
under high affinity circumstances, they may perform better
in their response to undergo regenerative homeostatic ex-
pansion, and in effect outcompete other T cells (7). There-
fore, dissection of T regulatory cells in models without
lymphopenia is especially important. Thirdly, recent expe-
riments suggest that ‘naturally occurring’ regulatory T cells
can either acquire characteristics of the adaptive regulatory
T cells, or alternatively might facilitate their generation (11,
20).

Aspects of clinical application

Knowing the physiologic role of regulatory T cells in
T cell homeostasis, the ability to utilize them in the clinic,
as a treatment of autoimmune diseases, to suppress trans-
plantation immune responses, and to suppress their action
in other settings such as cancer and infectious diseases is
highly desirable. In fact, it is already being attempted in dif-
ferent clinical protocols. Different strategies can be envi-
saged. One strategy is to induce or facilitate their activity
in-vivo. This could be achieved by administering autoanti-
gens in autoimmune diseases or alloantigens in the setting
of transplantation. Such immunization generated regulatory
T cell response should afford long-term protection, just as in
vaccination, and because many of these cells can mediate
bystander suppression, the antigen used to trigger them does
not necessarily have to be identical with the antigen that
drives the pathogenic response. In fact, many such protocols
involving oral administration of autoantigens have been at-
tempted in man in diseases such as multiple sclerosis (67),
rheumatoid arthritis (60), uveitis (59), autoimmune thyroid
disease (36), or type-1 diabetes (15). Howeyver, so far, they
have failed to bring significant clinical benefit, perhaps due
to the selection of patients with end-stage disease. The goal
is to design a protocol with an optimal dose, timing and
route of Ag administration to elicit a response skewed to-
wards establishment and maintenance of a regulatory res-
ponse, but not toward a pathogenic response. This could be
attempted with regimen that include IL-10, IL-4 (23), or
costimulation blockade (29) as response modifiers, while
avoiding epitopes that could trigger autoaggressive cytotoxic
lymphocyte (CTL) responses, and perhaps intranasal, rather
than oral administration of antigen (43).

CD-3 specific monoclonal antibodies have been used
for quite some time to induce tolerance in the context of
transplantation, and even in established autoimmunity. In
mouse models of autoimmune diabetes, administration of
anti-CD3 monoclonal antibody can cure the disease by re-
establishing tolerance to pancreatic [-cells (reviewed in
16). This could be due to different mechanisms, such as
depletion of autoaggressive T cells, skewing of the T cell
phenotype toward a T};2 profile, however it has been shown
recently to involve as a major mechanism the generation of
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CD4"CD25" regulatory T cells and TGF-B (8). This approach
has been successfully used in a Phase I trial in recent-onset
diabetic patients (30), and is currently being tested in other
clinical trials.

The other approach is to expand regulatory T cells in-
vitro, and then administer them in-vivo. Such cells could be
modified, for example by introducing genes for cell suicide,
which would then enable their in-vivo control. Even though
these cells are naturally unresponsive, there are reports
where their in-vitro expansion has been successfully achiev-
ed. For example strongly proliferating human Tr1 cells can
be induced in-vitro by treatment with anti-CD3 and anti-
CD46 mAb (42). CD4"CD25" regulatory T cells can also
be expanded on DCs while they retain their suppressive
effect (68).

It is also important to elucidate interaction of regula-
tory T cells with agents used for non-specific immunosup-
pression, since these drugs could interfere with the action
of regulatory T cells.
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