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Introduction

Summary

Specific immune suppression and induction of tolerance are essential pro-
cesses in the regulation and circumvention of immune defence. The bal-
ance between allergen-specific type 1 regulatory (Trl) cells and T helper
(Th) 2 cells appears to be decisive in the development of allergy. Trl cells
consistently represent the dominant subset specific for common environ-
mental allergens in healthy individuals. In contrast, there is a high fre-
quency of allergen-specific interleukin-4 (IL-4)-secreting T cells in allergic
individuals. Allergen-specific immunotherapy can induce specific Tr1 cells
that abolish allergen-induced proliferation of Thl and Th2 cells, as well as
their cytokine production. Trl cells utilize multiple suppressor mech-
anisms, such as IL-10 and transforming growth factor-f (TGF-B) as
secreted cytokines and various surface molecules, such as cytotoxic T-lym-
phocyte antigen 4 and programmed death-1. IL-10 only inhibits T cells
stimulated by low numbers of triggered T-cell receptors, which depend on
CD28 costimulation. IL-10 inhibits CD28 tyrosine phosphorylation, pre-
venting the binding of phosphatidylinositol 3-kinase p85 and conse-
quently inhibiting the CD28 signalling pathway. In addition, IL-10 and
TGF-p secreted by Trl cells skew the antibody production from immuno-
globulin E (IgE) towards the non-inflammatory isotypes IgG4 and IgA,
respectively. Induction of antigen-specific Trl cells can thus re-direct an
inappropriate immune response against allergens or auto-antigens using a
broad range of suppressor mechanisms.

Keywords: allergen-specific immunotherapy; interleukin-10; suppression;
T-cell tolerance; transforming growth factor-f3; T regulatory cells

Thl cells, on the other hand, may contribute to chroni-
city and the effector phase in allergic disease (Fig. 2).*°

The interaction of environmental and genetic factors can
lead to the development of atopic disorders in some indi-
viduals, but not others, following allergen exposure. The
generation of allergen-specific CD4" T helper (Th) cells
provides the initial event responsible for the development
of allergic diseases. The current view is that interleukin-4
(IL-4) -influenced naive T cells differentiate into Th2 cells
when activated by antigen-presenting cells (APC)." These
effector Th2 cells produce IL-4, IL-5 and IL-13, which
mediate several regulatory and effector functions. These
functions include allergen-specific immunoglobulin E
(IgE) production by B cells, eosinophil development and
recruitment, mucus production and smooth muscle con-
traction, as well as tissue homing of Th2 cells (Fig. 1)."~
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For example, keratinocyte apoptosis is induced by Thl
cells and mediated by interferon-y (IFN-y) and Fas, form-
ing an essential pathogenetic event in eczematous der-
matitis.* IFN-y up-regulates Fas, intercellular adhesion
molecule type 1 and human leucocyte antigen (HLA)-DR
rendering keratinocytes susceptible to apoptosis.” In addi-
tion, IFN-y up-regulates several chemokines in epithelial
cells such as IFN-y-inducible protein 10 (IP-10), mono-
kine-induced by IFN-y (mig) and IFN-y-inducible
a-chemoattractant (iTac), which further attract ThO/Thl
cells towards epidermis by binding to CXCR3 in atopic
dermatitis.® In asthma, tumour necrosis factor-o. (TNF-o)
and IFN-y are potent in inducing bronchial epithelial
apoptosis leading to epithelial shedding.*
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Figure 1. Suppression of Th2 cell-mediated features of allergic
inflammation by Tgeg cells. Ty cells utilize multiple suppressor fac-
tors to regulate undesired activity of effector Th2 cells. IL-10 and
TGF-B suppress IgE production and induce the non-inflammatory
immunoglobulin isotypes I1gG4 and IgA, respectively. Furthermore,
these two cytokines directly suppress allergic inflammation induced
by effector cells such as mast cells, basophils and eosinophils. In
addition, Th2 cells are suppressed by Treg cells and can therefore no
longer provide cytokines such as IL-3, IL-4, IL-5, IL-9 and IL-13.
These cytokines are required for the differentiation, survival and
activity of mast cells, basophils, eosinophils and mucus-producing
cells, as well as for the tissue homing of Th2 cells (red line indicates
suppression, black line indicates stimulation).
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Figure 2. Suppression of Thl cell-mediated features of allergic
inflammation by Tgeg cells. The Thl cytokine IFN-y in combination
with TNF-o and/or FasL, induces apoptosis of smooth muscle cells,
keratinocytes and bronchial epithelial cells as essential tissue injury
events in atopic dermatitis and asthma. T cells suppress the stimu-
lation of ThO/Thl cells, leading to the abrogation of tissue injury
mechanisms (red line indicates suppression, black line indicates
stimulation).
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A further subset of T cells termed T regulatory (Tgreg)
cells, which have an immunosuppressive function and
cytokine profile distinct from that of either Thl or Th2
cells, has been described.”*° Treg cells are able to inhibit
the development of allergic Th2 cell responses
(Fig. 1), as well as effector Th1 cell responses (Fig. 2),
and therefore play an important role in allergen-specific
immunotherapy (SIT).'*'*

As a function of Tge, cells, specific immune suppres-
sion and induction of peripheral tolerance are essential
processes in the regulation and circumvention of immune
defence. Analysis of the current literature suggests that
anergy, peripheral tolerance and active suppression are
events related to different stages of Tgre; cell-mediated
immune deviation. Anergy describes a process by which
antigen is presented to T-cell clones without the aid of
professional APC and results in the induction of a hypo-
responsive state, which affects IL-2 production and pro-
liferation upon re-stimulation.'”” Reversible functional
limitations characterize anergic T cells, including cell divi-
sion, cell differentiation and cytokine production.'®!
The induction of T-cell unresponsiveness upon antigen
encounter provides the major characteristic of T-cell tol-
erance. Central immune tolerance results from self-anti-
gen exposure in the thymus before the immune response
develops, thereby specifically abrogating the response to
that antigen thereafter.'”'®

T regulatory cells

T cells capable of suppressing the immune response were
first described in the early 1970s.'” However, the mecha-
nisms behind this suppression were not clarified and
therefore research within this field was abandoned by the
1980s. Investigation into T-cell-mediated immune sup-
pression strengthened during the 1990s and the concept
of Tgeg cells suppressing immune responses via cell—cell
interactions and/or the production of suppressor cyto-
kines is currently well established. However, many aspects
behind these mechanisms remain to be elucidated.'®*°

Type 1 regulatory cells

Type 1 regulatory (Trl) cells, also known as inducible
Treg cells, are defined by their ability to produce high lev-
els of IL-10 and transforming growth factor-f (TGEF-
B).'>** Antigen-specific Trl cells arise in vivo, but may
also differentiate from naive CD4" T cells. Reports have
shown that by stimulating naive CD4" T cells in the pres-
ence of IL-10, IFN-o or a combination of IL-4 and IL-10,
a Trl cell subset can be generated in vitro.'®* It is now
clear that during the early course of allergen-SIT, IL-10-
and/or TGF-B-producing Trl cells in humans are gener-
ated in vivo, which implies that Trl cells are induced by
high and increasing doses of allergens.'>'**! Allergen-
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specific Thl and Th2 responses are down-regulated by
these Trl cells.'* Therefore, Trl cells could be used as a
promising target for the development of new therapeutic
agents, as well as in cellular therapy for peripheral toler-

L . L2223
ance modulation in allergy and autoimmunity.

CD4" CD25" Ty cells

This distinct subset of Tre, cells, also called constitutive
Treg cells, accounts for 5-10% of peripheral CD4" T cells
and inhibits the activation of effector T cells in the per-
iphery.** These cells, along with CD4 and CD25 expres-
sion, are also associated with the transcription factor
FoxP3.® The suppressive mechanism of CD4" CD25"
Treg cells has been shown to function via the inhibi-
tion of the IL-2 receptor o-chain in target T cells,
which is induced by the combined activity of cytotoxic
T-lymphocyte antigen 4 (CTLA-4)*° and membrane-
bound TGE-B.*’

Various autoimmune diseases such as arthritis, diabetes
and X-linked immune dysregulation, polyendocrinopathy
and enteropathy syndrome (IPEX) may develop spon-
taneously when CD4" CD25" Tge, cells are eliminated,
indicating the presence of a population of professional
Treg cells.”® IPEX is characterized by dermatitis, entero-
pathy, type 1 diabetes, thyroiditis, haemolytic anaemia
and thrombocytopenia, and results from mutations of
FoxP3.”

There is some evidence in adult humans that constitu-
tive CD4" CD25" Tgeg cells and inducible IL-10- and
TGEF-B-secreting Trl cells represent overlapping popula-
tions, because of CD25 expression on CD4" Trl cells.
Regulatory CD4" CD25" T cells normally inhibit Th2
cytokine expression and proliferation of peripheral blood
mononuclear cells (PBMC) from non-atopic donors, in
response to allergen. This suppression has been shown to
be associated with the control of allergic disease.”

Th3 cells

Similar to Trl cells, Th3 cells are inducible upon activa-
tion with an appropriate antigen or anti-CD3 antibody
and produce high levels of TGF-f, with variable amounts
of IL-4 and IL-10.>’" Neutralizing antibodies have dem-
onstrated TGF-f and IL-10 to be the key molecules
because of their abrogation of the disease-protective
effects of these cells. Furthermore, Th3 cells have been
shown to exert bystander immune suppression in vitro.”!

Other Tgeg cells

It has been proposed that in addition to CD4" T cells,
CD8" Tgeg cells may also have a role in oral tolerance.”
Furthermore, CD8" Tgreg cells have been described as con-
trolling proliferation of CD4" T cells in a Qa-1-dependent
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(HLA-E in humans) manner.”> CD8" CD28~ FOXP3" T
suppressor cells have recently been reported to induce tol-
erogenic endothelial cells® by inducing inhibitory recep-
tors and down-regulating costimulatory and adhesion
molecules.

Role of regulatory T cells in peripheral T-cell
tolerance in the healthy immune response to
allergens and allergen-SIT

Allergen-SIT provides an efficient treatment of insect
venom allergy and allergic rhinitis in clinical practice.’>*®
Antihistamines, antileukotrienes, [,-adrenergic receptor
antagonists and corticosteroids can provide a temporary
suppression of mediators and immune cells.”” However, a
more long-term solution/treatment can only be provided
by allergen-SIT, which specifically restores normal immu-
nity against allergens. Successful allergen-SIT is associated
with an increase in allergen-blocking IgG antibodies (par-
ticularly IgG4)®® along with the generation of IgE-modu-
lating CD8" T cells” and a decrease in the number of
mast cells and eosinophils, as well as a decrease in the
release of mediators.”” The induction of peripheral T-cell
tolerance plays a crucial role in allergen-SIT'>'****! and
is initiated by the autocrine action of IL-10 and TGF-B,
which are increasingly produced by antigen-specific Trl
cells.'>'*?* Reactivation of tolerized T cells can result in
the distinct production of either Thl or Th2 cytokine
profiles depending on the cytokines present in the tissue
microenvironment, and can therefore direct allergen-SIT
towards either successful or unsuccessful treatment.*'

Trl cells have many suppressive mechanisms, including
secretion of the suppressive cytokines IL-10 and TGE-f,
as well as the surface molecules CTLA-4°° and pro-
grammed death 1 (PD-1).**** 1L-10 and TGF- have
been shown to induce T-cell suppression during SIT and
in normal immunity to mucosal allergens. Allergen-SIT
induced the antigen-specific suppressive activity of
CD4" CD25" T cells from allergic individuals. This sup-
pression can be partially blocked by the neutralization of
secreted or membrane-bound IL-10 and TGF-B."* It has
been shown ex vivo that allergen-specific Th2 cell activa-
tion is enhanced when these Trl suppressor activities are
blocked or when the Th2 cell frequency is enhanced.'?

A recent study using IFN-vy-, IL-4- and IL-10- secreting
allergen-specific CD4" T cells (which resemble Th1-, Th2-
and Trl-like cells, respectively) showed that both healthy
and allergic individuals exhibit all three subsets but in dif-
ferent proportions. In healthy individuals, Trl cells repre-
sent the dominant subset for common environmental
allergens, whereas a high frequency of allergen-specific
IL-4-secreting T cells (Th2-like cells) is found in allergic
individuals. Therefore, the frequency of memory effector
T cells or Treg cells is decisive in the development of
allergy or a healthy immune response.'
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In this respect, allergy vaccines that target T cells and
induce T-cell tolerance, while bypassing IgE binding, rep-
resent a novel opportunity for the prevention and treat-
ment of allergy. For example, immunization of mice with
a fusion protein containing linear T-cell epitopes, but not
three-dimensional B-cell epitopes of the major bee venom
allergens phospholipase A2 and hyaluronidase, has been
shown to protect against antibody responses to later
encounters with the allergens, therefore suggesting the
induction of allergen-specific tolerance.**

IL-10 and TGF-p in immune suppression

Antigen-specific T-cell suppression by IL-10, a known
suppressive cytokine of T-cell proliferation and cytokine
production, is essential in peripheral tolerance to aller-
gens, autoantigens, transplantation antigens and tumour
antigens. The inhibitory effect of IL-10 plays a key role in
inducing anergy, and hence has great importance in aller-
gen-SIT (Table 1). IL-10 is a suppressor cytokine of T-cell
proliferation in both Thl and Th2 cells. It was originally
thought to be produced by Th2 cells only, however, it is
in fact produced particularly by Trl cells, but also by
ThO, Thl and Th2 cells as well as B cells, monocytes and
keratinocytes.”*?

In mice, IL-10 administration before allergen treatment
induced antigen-specific T-cell unresponsiveness and
demonstrated the pivotal role of IL-10 in the establish-
ment of peripheral T-cell tolerance.*® Moreover, the inhi-
bition of graft-versus-host disease by IL-10 and the
allograft rejection in severe combined immunodeficiency
patients who have undergone human leucocyte antigen-
mismatched, bone marrow transplants provide further
evidence for a key role of this cytokine in the induction
and maintenance of an anergic state.*’” Similarly, inappro-
priate stimulation of tumour-reactive human T cells was
shown to result from increased endogenous IL-10 pro-
duction by these cells,*® indicating a role for IL-10 in
tumour-specific anergy. Recently, IL-10-derived regulatory
CD4" T cells producing IL-10, but not IL-2 and IL-4,
which suppressed the antigen-specific T-cell response
in vitro and prevented antigen-induced murine colitis,

were identified in both humans and mice.'® During aller-
gen-SIT, IL-10 levels increased significantly by day 7, and
reached a maximum by day 28. At this time peripheral
tolerance was fully established. The proliferative and cyto-
kine responses could be reconstituted by ex vivo neutral-
ization of endogenous IL-10, indicating that IL-10 is
actively involved in the development of anergy in specific
T cells.”? Furthermore, antigen- and peptide-induced pro-
liferative responses and Th1 and Th2 cytokine production
decreased in both bee venom-SIT and phospholipase
A-peptide immunotherapy (PLA-PIT), whereas IL-10 pro-
duction simultaneously increased and reached maximal
levels after 4 weeks, when specific anergy was fully estab-
lished. The cellular origin of IL-10 was demonstrated by
intracytoplasmic IL-10 staining in PBMC and by co-
expression of cellular surface markers."> Intracellular IL-10
significantly increased after 7 days of allergen-SIT in the
antigen-specific T-cell population and activated CD4" T
lymphocytes. After 4 weeks of allergen-SIT intracytoplas-
mic IL-10 was also increased in monocytes and B cells,
suggesting an autocrine action of T-cell-secreted IL-10 as
a pivotal step in the induction phase of T-cell anergy and
its maintenance by IL-10-producing APC and non-speci-
fic bystander T cells." Interestingly, the same features of
peripheral tolerance were found in the T cells of healthy
beekeepers who had previously been stung by high num-
bers of bees. These naturally anergized individuals show
increased numbers of IL-10-producing CD4" CD25" T
cells and monocytes similar to allergic patients after bee
venom-SIT. Neutralization of endogenous IL-10 in PBMC
cultures from these individuals fully reconstituted the
proliferative T-cell response and cytokine production.
Recently, a study using the mouse model of experimental
allergic encephalomyelitis indicated a possible connection
between non-allergen-specific CD4" CD25" Tr,, and anti-
gen-specific IL-10-secreting Trl cells. Here, it was found
that adoptively transferred CD4" CD25" Tgey cells
induced a high expression of IL-10 by autoantigen-speci-
fic T cells, and that the neutralization of IL-10 led to the
abrogation of the suppressive effect of these cells.*’
Studies with bronchoalveolar lavage fluid from asthma-
tic patients have revealed lower IL-10 levels than in

Table 1. The mechanisms of action by interleukin-10 (IL-10) and transforming growth factor-B (TGF-) that aid the deviation of the immune

system as observed during allergen-specific immunotherapy

IL-10

TGE-B

Suppresses allergen-specific IgE

Induces allergen-specific IgG4

Blocks B7/CD2c¢ costimulatory pathway

Inhibits DC maturation, leading to reduced MHC class 1I

Reduces release of pro-inflammatory cytokines by mast cells

Suppresses allergen-specific IgE

Induces allergen-specific IgA

Suppresses allergen-specific Th1 and Th2 cells

Down-regulates FceRI expression on Langerhans cells and costimulatory

ligand expression

Associated with CTLA-4 expression on T cells

IgE, immunoglobulin E; DC, dendritic cell; MHC, major histocompatibility complex; Thl, T helper type 1; CTLA-4, cytotoxic T-lymphocyte

antigen 4.

436

© 2006 Blackwell Publishing Ltd, Immunology, 117, 433-442



healthy controls, and the T cells from children suffering
from asthma have been shown to produce less IL-10
mRNA than T cells from healthy children.’>' Together
these findings indicate an association between increased
IL-10 production and decreased allergic reactions. As Treg
cells are a major source of IL-10, it has been speculated
that Treg cells secreting IL-10 are involved in the suppres-
sion of allergic Th2 cell responses in humans, which is
supported by several human allergen-SIT studies.'***>* In
contrast, some studies demonstrated that increased IL-10
levels are not associated with less allergic disease.” IL-10
may also promote airway hyperresponsiveness® and even
eosinophilia®® in allergy models.

The TGF- superfamily consists of more than 35 mem-
bers with TGF-B1 being the proteotypic member. TGF-
is an important pleiotropic cytokine with potent immuno-
regulatory properties and is essential for the maintenance
of immunological self-tolerance in the CD4" T-cell com-
partment.’® TGF-Bl-deficient mice develop the pheno-
type, as a result of activated CD4" T cells, of a rapidly
wasting syndrome leading to death by the age of 3 or
4 weeks.””8 Although controversial, TGF-$ has been
implicated in the conversion of naive CD4" CD25™ T cells
into CD4" CD25" T cells by the induction of FoxP3.*
TGF-p signalling has been demonstrated to be required
for in vivo expansion and immunosuppressive capacity of
CD4" CD25% T cells.®® However, studies with TGE-p-
deficient mice have shown that CD4" CD25" T cells can
develop up to 2 weeks and autocrine TGF- production
was not essential for these cells to exhibit suppressive
activity in vivo.®!

It is thought that during lymphocyte maturation TGF-
B can contribute to both apoptosis of self-reactive clones
and the maintenance of tolerance, thereby preventing the
development of autoimmunity. In vivo, TGF-B-secreting
Th3 cells were found to suppress encephalitis induction
with myelin basic protein. Th3-derived TGF- is thought
to suppress this disease by inhibiting autoimmune
responses within the target organs.®*

In contrast to its known T-cell suppressive activity,
some reports imply a role for TGF-B in the pathogenesis
of asthma, particularly in the remodelling of injured lung
tissue in humans.”’ The increased allergic inflammation
observed after blocking of CTLA-4 is clearly associated
with decreased TGF-f levels in the bronchoalveolar lavage
fluid of these animals.* Furthermore, inhibition of
experimental tracheal eosinophilia was also the result of
the induction of CD4" T cells secreting TGF-B.°

The TGF-B superfamily can act on virtually all mam-
malian cell types by engaging an intracellular cascade of
Smad family proteins through ligand-induced activation
of TGF-B receptor kinases. Activated Smad complexes
accumulate in the nucleus to participate in the transcrip-
tional activation of target genes, some of which stimulate
tumorigenesis, while others suppress it. TGF-f receptors
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are also able to activate Smad-independent signalling
mechanisms, including mitogen-activated protein kinases
and phosphatidylinositol 3-kinase (PI3-K).®° However,
the exact suppressive mechanisms behind TGF-f activa-
tion of Smad pathways remain to be elucidated.

TGF-B was thought to play a role in CTLA-4-mediated
inhibition of T-cell activation because of the similarities
observed in phenotypes of mice deficient for either
CTLA-4 or TGF-B1.°** However, studies using TGF-p-
neutralizing antibodies did not reverse CTLA-4-mediated
inhibition and the proliferation of wild-type, TGF-B1-
deficient and Smad3-deficient T cells was equally inhib-
ited by CTLA-4 ligation.®® The effect of TGF-B1 on T-cell
proliferation can be modified by CD28 costimulation. In
the absence of CD28 costimulation TGF-B1 can potently
suppress T-cell receptor (TCR)-stimulated proliferation of
naive T cells, whereas in the presence of CD28 costimula-
tion, TGF-B1 inhibits apoptosis and enhances TCR-
stimulated proliferation. Interestingly, TGF-B inhibited
IL-2 production in both cases, thereby suggesting a corre-
lation in downstream signalling between CD28 and TGEF-
B.® Studies on the IL-12 signal transduction pathway in
T cells revealed that TGF-f blocks IL-12-induced tyrosine
phosphorylation and activation of both Jak2 and Tyk2
kinases. This inhibition was associated with a decrease in
tyrosine phosphorylation of both STAT3 and STAT4 pro-
tein, resulting in decreased T-cell proliferation and IFN-y
production, with an increase in apoptotic cell death.”®
Enforcement of STAT4 expression partly prevented inhi-
bition of IFN-y production by TGF-B during priming,
but did not prevent inhibition of Thl development, indi-
cating the use of distinct mechanisms by TGF-B.”!

Antibody isotype regulation by IL-10 and TGF-§

Although peripheral tolerance has been demonstrated in
specific T cells, the ability of B cells to produce specific
IgE antibodies is not eliminated during allergen-SIT.*' In
fact, the serum levels of both specific IgE and IgG4 anti-
bodies increase during the early phase of treatment. How-
ever, the increase in antigen-specific IgG4 is more striking
and therefore the ratio of specific IgE to IgG4 decreases
between 10-fold and 100-fold. A similar change in speci-
fic isotype ratio has been observed in SIT of various
allergies.”*”* Moreover, IL-10 produced and progressively
secreted during allergen-SIT, appears to counter-regulate
the synthesis of antigen-specific IgE and IgG4 antibodies."’
IL-10 potently suppresses both total and allergen-specific
IgE, whereas it simultaneously increases IgG4 produc-
tion.">”? Therefore, IL-10 not only generates T-cell toler-
ance, it also regulates specific isotype formation and skews
the specific IgE response towards an IgG4-dominated phe-
notype. High levels of specific IgA and 1gG4, low amounts
of IgGl and trace amounts of IgE antibodies in serum
were demonstrated in the healthy immune response to
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Der p 1."* Specific IgE levels did not significantly change
after 70 days of house dust mite-SIT treatment of allergic
patients; however, a significant increase in specific IgA,
IgGl and IgG4 was observed."* The increase of specific
IgA and IgG4 in serum coincides with increased TGF-f3
and IL-10, respectively. This may account for the role of
IgA and TGF-B as well as IgG4 and IL-10 in mucosal
immune responses to allergens in healthy individuals.'>”*
In addition, IL-10 has been shown to reduce pro-
inflammatory cytokine release from mast cells,”” down-
regulate eosinophil function and activity, and suppress
IL-5 production from resting human ThO and Th2 cells.”®

IL-10-mediated suppression of T-cell
costimulation

Specific activation of T cells requires stimulation through
the TCR and a costimulatory signal, generated by the
engagement of multiple cell surface receptors with their
ligands.”” A major costimulatory signal is delivered to
T cells by the interaction of CD28 with CD80/86, which
is essential for antigen-stimulated T-cell proliferation
and cytokine production.”®”® TCR stimulation without
costimulation or by blocking the costimulation in vivo
and in vitro, induces tolerance or anergy in T cells.'>®
The molecular mechanisms of T-cell suppression by
IL-10 have been investigated in antigen-specific PBMC cul-
tures, purified CD45RO" T cells and T-cell clones. IL-10
inhibited the proliferative T-cell response in PBMC to
various antigens and to the superantigen staphylococcal
enterotoxin B.*" However, IL-10 did not affect the prolifer-
ative responses of T cells that were stimulated by anti-
CD3. In contrast, IL-10 significantly inhibited the anti-
CD28-stimulated proliferation. The analysis of TCR
numbers on T cells demonstrated the essential requirement
for costimulation in T-cell activation and its relation to
the number of triggered TCRs.*' IL-10 inhibited the T-cell
proliferation within a certain range of triggered TCRs that
T cells require for costimulation. T cells which were stimu-
lated by different concentrations of anti-CD3, and a con-
stant amount of anti-CD28, showed that low numbers of
triggered TCRs required CD28 costimulation. Thus, IL-10
suppressed only those T cells that had low numbers of
TCRs triggered and which required CD28 for proliferation.
Stimulation of CD28 by monoclonal antibodies induces
tyrosine phosphorylation. Ligation of IL-10 receptor (IL-
10R) at the time of monoclonal antibody stimulation
inhibits tyrosine phosphorylation of CD28.3"* The inhibi-
tory effect of IL-10 appeared to be specific for the
costimulation pathways, as IL-10 did not affect ZAP-70
tyrosine phosphorylation stimulated by CD3 cross-link-
ing.®' As a consecutive event for signal transduction, PI3-K
binds to phosphorylated costimulatory molecules by its
p85 subunit. This association with the PI3-K p85 mole-
cule was inhibited by IL-10. PI3-K is a heterodimer that
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comprises an 85 000 MW regulatory subunit and a
110 000 MW catalytic subunit possessing both protein
serine-kinase and lipid-kinase activity.*> The p85 subunit
contains a p110 binding site as well as two src-homology-2
(SH2) domains. Binding of PI3-K occurs by direct interac-
tion between SH2 domain motifs of p85 PI3-K and a
(p)YXXM motif (where Y denotes tyrosine, X denotes any
amino acid and M denotes methionine) in the cytoplasmic
part of costimulatory molecules.** This binding requires
tyrosine phosphorylation of the tyrosine residues within
the pYxxM motif (YI9IMNM) in CD28.%* IL-10 exerts its
biological functions through the activation of Jakl and
Tyk2, the members of the receptor-associated Janus tyro-
sine kinase family and Statl and Stat3 and in certain cells
Stat5.®> Previous studies demonstrated that IL-10 does not
only inhibit T cells, it is also a potent inhibitor of activated
monocytes and macrophages.*® Since monocytes and
macrophages do not express CD28, the inhibitory impact
of IL-10 is likely to occur through other mechanisms in
non-T cells. In monocytes, IL-10 was shown to induce
expression of the suppressor of the cytokine-signalling-3
(SOCS3) gene that may play a role in the inhibition of the
IFN-induced tyrosine phosphorylation of Stat1.*”
IL-10-secreting B cells have recently been proposed to
prevent the development of arthritis.® In this study,
adoptive transfer of B cells generated with anti-CD40
antibody in combination with antigen prevented the
development of arthritis upon immunization with bovine
collagen in an IL-10-dependent manner. It is generally
accepted that immature dendritic cells (DC), which can-
not appropriately activate T cells, may induce tolerance.®”
In normal immunity, DC receive sufficient signals from
the surroundings of the antigen, T cells and other tissue
cells, innate immune response stimulating (i.e. Toll-like
receptor triggering) substances and via costimulatory
ligands and cytokines, and therefore should not have any
restriction in maturation. However, the full maturation of
DC can be inhibited by IL-10, which induces a state of
anergy in alloantigen-specific CD4" T cells.”® Further-
more, there are indications that mature DC can induce
peripheral T-cell tolerance. Pulmonary DC from mice
transiently produce IL-10 when exposed to respiratory
antigen.”’ These phenotypically mature pulmonary DC,
which were B7", stimulate the development of CD4"
Trl-like cells. Adoptive transfer of IL-10"*, but not
IL-107", pulmonary DC of mice exposed to respiratory
antigen induced antigen-specific unresponsiveness in
recipient mice. This study shows that under certain cir-
cumstances, phenotypically mature DCgr., may exist. It
has been clearly demonstrated that natural killer cells, epi-
thelial cells, macrophages and glial cells, amongst others,
express suppressor cytokines such as IL-10 and TGF-f.
Although they have not been classified as professional
regulatory cells, they may also have an involvement in the
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CTLA-4, PD-1 and GITR as active suppressor
mechanisms of T regulatory cells

CTLA-4, a negative regulator of T-cell function has been
reported to associate with the TCR complex {-chain in T
cells.”” Studies on CD4" CD25" Tge, cells have shown
that they do not proliferate upon normal TCR-mediated
stimulation and suppress the proliferation of other T
cells. TCR stimulation is required for these cells to exert
suppression of other T cells, but this suppression is not
confined to T «cells specific for the same antigen.
CD4" CD25" T cells are the only lymphocyte subpopula-
tion in both mice and humans that express CTLA-4 con-
stitutively and this expression apparently correlates with
the suppressor function of CTLA-4.°® The addition of
anti-CTLA-4 antibody or its Fab (fragment of antigen
binding) in cocultures of CD4" CD25" and CD4" CD25~
T cells reverses suppression.”® Similarly, the treatment of
mice, which are recipients of CD4" CD45RB"™ T cells,
with these agents abrogated the suppression of inflamma-
tory bowel disease.’® These studies indicate that signals
that result from the engagement of CTLA-4 by its ligands,
CD80 or CD86, are required for the induction of sup-
pressor activity. Under some circumstances, the engage-
ment of CTLA-4 on the CD4" CD25" T cells by antibody
or by CD80/CD86 may lead to inhibition of the TCR-
derived signals that are required for the induction of sup-
pressor activity.

PD-1 is an immunoreceptor tyrosine-based inhibitory
motif (ITIM)-containing receptor expressed upon T-cell
activation. An inhibitory role for PD-1 in immune
responses was suggested because of the autoimmune dis-
eases that develop in PD-1-deficient mice.*” The ligands
for PD-1 are members of the B7 family, PD-L1 and
PD-L2. PD-1 ligation on murine CD4 and CD8 T cells
results in the inhibition of proliferation and cytokine pro-
duction. T cells stimulated with anti-CD3/PD-L1 demon-
strate a marked decrease in proliferation and IL-2
production.*” PD-1 : PD-L interactions inhibit IL-2 pro-
duction even in the presence of costimulation and there-
fore, following a prolonged activation, the PD-1: PD-L
inhibitory pathway dominates. Exogenous IL-2 is able to
overcome PD-L1-mediated inhibition at all times, indica-
ting that the cells maintain IL-2 responsiveness.

Glucocorticoid-induced tumour-necrosis factor receptor
family related gene (TNFRSF18, GITR) is expressed by
CD4" CD25" alloantigen-specific and naturally occurring
circulating Treg cells.”'® Stimulation of CD4" CD25"
Treg cells through GITR breaks immunological self-toler-
ance.'” GITR is up-regulated in CD4" CD25 T cells
after T-cell receptor stimulation and it also functions as a
survival signal for activated cells.'”’ In addition, CD103
(ogP; integrin) and CD122 (B-chain of IL-2 receptor) are
highly expressed on CD4" CD25" Tgeg cells, which corre-
lates with their suppressive activity.'>'%
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Conclusion

Peripheral T-cell tolerance represents the key mechanism
in healthy immune responses to non-infectious, non-self
antigens. There is increasing evidence to support Treg
cells and immunosuppressive cytokines as key players in
mediating successful allergen-SIT and a healthy immune
response to allergens. Active suppression involves the util-
ization of multiple suppressive mechanisms, secreted
cytokines (IL-10 and TGF-B) and surface molecules
(CTLA-4, PD-1, mIL-10, TGF-BR and IL-10R).'**

These mechanisms may have implications in auto-
immunity, graft-versus-host disease, tumour cell growth,
parasite survival, chronic infections and the development
of acquired immune deficiency syndrome. Knowledge of
this molecular basis is pivotal in understanding the
equilibrated regulation of the immune response and
anergy to immunogenic agents and their possible thera-
peutic applications. Suppression of an immune response
may have beneficial effects in the case of hypersensitivity
reactions, but it may also be harmful in other cases
such as cancer development, chronic infection and tissue
remodelling. The over-expression of Tge, cells and sup-
pressive cytokines may be responsible for chronicity and
tumour tolerance and therefore does not always support
a healthy response. Taking this into account, along
with the recent advances in knowledge of peripheral
tolerance mechanisms, may lead to future developments
of safer approaches to treatment of immune-mediated
diseases.
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