
Mechanisms of immune suppression by interleukin-10 and
transforming growth factor-b: the role of T regulatory cells

Introduction

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).1 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).1–3

Th1 cells, on the other hand, may contribute to chroni-

city and the effector phase in allergic disease (Fig. 2).4–6

For example, keratinocyte apoptosis is induced by Th1

cells and mediated by interferon-c (IFN-c) and Fas, form-

ing an essential pathogenetic event in eczematous der-

matitis.4 IFN-c up-regulates Fas, intercellular adhesion

molecule type 1 and human leucocyte antigen (HLA)-DR

rendering keratinocytes susceptible to apoptosis.7 In addi-

tion, IFN-c up-regulates several chemokines in epithelial

cells such as IFN-c-inducible protein 10 (IP-10), mono-

kine-induced by IFN-c (mig) and IFN-c-inducible
a-chemoattractant (iTac), which further attract Th0/Th1

cells towards epidermis by binding to CXCR3 in atopic

dermatitis.8 In asthma, tumour necrosis factor-a (TNF-a)
and IFN-c are potent in inducing bronchial epithelial

apoptosis leading to epithelial shedding.4

Alison Taylor, Johan Verhagen,

Kurt Blaser, Mübeccel Akdis and

Cezmi A. Akdis

Swiss Institute of Allergy and Asthma Research

(SIAF), Davos, Switzerland

doi:10.1111/j.1365-2567.2006.02321.x

Received 26 September 2005; revised 25

November 2005; accepted 25 November

2005.

Correspondence: Dr Cezmi A. Akdis, Swiss

Institute of Allergy and Asthma Research

(SIAF), Obere Strasse 22, CH7270 Davos,

Switzerland. Email: akdisac@siaf.unizh.ch

Senior author: Dr Cezmi A. Akdis

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 (Tr1) cells and T helper

(Th) 2 cells appears to be decisive in the development of allergy. Tr1 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 Th1 and Th2 cells, as well as

their cytokine production. Tr1 cells utilize multiple suppressor mech-

anisms, such as IL-10 and transforming growth factor-b (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-b secreted by Tr1 cells skew the antibody production from immuno-

globulin E (IgE) towards the non-inflammatory isotypes IgG4 and IgA,

respectively. Induction of antigen-specific Tr1 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-b; T regulatory cells
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A further subset of T cells termed T regulatory (TReg)

cells, which have an immunosuppressive function and

cytokine profile distinct from that of either Th1 or Th2

cells, has been described.9,10 TReg cells are able to inhibit

the development of allergic Th2 cell responses

(Fig. 1),11,12 as well as effector Th1 cell responses (Fig. 2),

and therefore play an important role in allergen-specific

immunotherapy (SIT).13,14

As a function of TReg 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 TReg 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.15 Reversible functional

limitations characterize anergic T cells, including cell divi-

sion, cell differentiation and cytokine production.16,17

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.17,18

T regulatory cells

T cells capable of suppressing the immune response were

first described in the early 1970s.19 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 TReg 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.10,20

Type 1 regulatory cells

Type 1 regulatory (Tr1) cells, also known as inducible

TReg cells, are defined by their ability to produce high lev-

els of IL-10 and transforming growth factor-b (TGF-

b).10,20 Antigen-specific Tr1 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-a or a combination of IL-4 and IL-10,

a Tr1 cell subset can be generated in vitro.10,20 It is now

clear that during the early course of allergen-SIT, IL-10-

and/or TGF-b-producing Tr1 cells in humans are gener-

ated in vivo, which implies that Tr1 cells are induced by

high and increasing doses of allergens.13,14,21 Allergen-
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Figure 1. Suppression of Th2 cell-mediated features of allergic

inflammation by TReg cells. TReg 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 IgG4 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 Th1 cell-mediated features of allergic

inflammation by TReg cells. The Th1 cytokine IFN-c in combination

with TNF-a and/or FasL, induces apoptosis of smooth muscle cells,

keratinocytes and bronchial epithelial cells as essential tissue injury

events in atopic dermatitis and asthma. TReg cells suppress the stimu-

lation of Th0/Th1 cells, leading to the abrogation of tissue injury

mechanisms (red line indicates suppression, black line indicates

stimulation).
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specific Th1 and Th2 responses are down-regulated by

these Tr1 cells.12 Therefore, Tr1 cells could be used as a

promising target for the development of new therapeutic

agents, as well as in cellular therapy for peripheral toler-

ance modulation in allergy and autoimmunity.22,23

CD4+ CD25+ TReg cells

This distinct subset of TReg 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.24 These cells, along with CD4 and CD25 expres-

sion, are also associated with the transcription factor

FoxP3.25 The suppressive mechanism of CD4+ CD25+

TReg cells has been shown to function via the inhibi-

tion of the IL-2 receptor a-chain in target T cells,

which is induced by the combined activity of cytotoxic

T-lymphocyte antigen 4 (CTLA-4)26 and membrane-

bound TGF-b.27

Various autoimmune diseases such as arthritis, diabetes

and X-linked immune dysregulation, polyendocrinopathy

and enteropathy syndrome (IPEX) may develop spon-

taneously when CD4+ CD25+ TReg cells are eliminated,

indicating the presence of a population of professional

TReg cells.28 IPEX is characterized by dermatitis, entero-

pathy, type I diabetes, thyroiditis, haemolytic anaemia

and thrombocytopenia, and results from mutations of

FoxP3.29

There is some evidence in adult humans that constitu-

tive CD4+ CD25+ TReg cells and inducible IL-10- and

TGF-b-secreting Tr1 cells represent overlapping popula-

tions, because of CD25 expression on CD4+ Tr1 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.30

Th3 cells

Similar to Tr1 cells, Th3 cells are inducible upon activa-

tion with an appropriate antigen or anti-CD3 antibody

and produce high levels of TGF-b, with variable amounts

of IL-4 and IL-10.9,31 Neutralizing antibodies have dem-

onstrated TGF-b 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.31

Other TReg cells

It has been proposed that in addition to CD4+ T cells,

CD8+ TReg cells may also have a role in oral tolerance.32

Furthermore, CD8+ TReg cells have been described as con-

trolling proliferation of CD4+ T cells in a Qa-1-dependent

(HLA-E in humans) manner.33 CD8+ CD28– FOXP3+ T

suppressor cells have recently been reported to induce tol-

erogenic endothelial cells34 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.35,36

Antihistamines, antileukotrienes, b2-adrenergic receptor

antagonists and corticosteroids can provide a temporary

suppression of mediators and immune cells.37 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)38 along with the generation of IgE-modu-

lating CD8+ T cells39 and a decrease in the number of

mast cells and eosinophils, as well as a decrease in the

release of mediators.40 The induction of peripheral T-cell

tolerance plays a crucial role in allergen-SIT13,14,22,41 and

is initiated by the autocrine action of IL-10 and TGF-b,
which are increasingly produced by antigen-specific Tr1

cells.13,14,22 Reactivation of tolerized T cells can result in

the distinct production of either Th1 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.41

Tr1 cells have many suppressive mechanisms, including

secretion of the suppressive cytokines IL-10 and TGF-b,
as well as the surface molecules CTLA-426 and pro-

grammed death 1 (PD-1).42,43 IL-10 and TGF-b 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.14 It has

been shown ex vivo that allergen-specific Th2 cell activa-

tion is enhanced when these Tr1 suppressor activities are

blocked or when the Th2 cell frequency is enhanced.12

A recent study using IFN-c-, IL-4- and IL-10- secreting

allergen-specific CD4+ T cells (which resemble Th1-, Th2-

and Tr1-like cells, respectively) showed that both healthy

and allergic individuals exhibit all three subsets but in dif-

ferent proportions. In healthy individuals, Tr1 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.12
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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.44

IL-10 and TGF-b 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 Th1 and Th2 cells. It was originally

thought to be produced by Th2 cells only, however, it is

in fact produced particularly by Tr1 cells, but also by

Th0, Th1 and Th2 cells as well as B cells, monocytes and

keratinocytes.7,45

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.46 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.47 Similarly, inappro-

priate stimulation of tumour-reactive human T cells was

shown to result from increased endogenous IL-10 pro-

duction by these cells,48 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.10 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.22 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.13 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.13 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+ TReg and anti-

gen-specific IL-10-secreting Tr1 cells. Here, it was found

that adoptively transferred CD4+ CD25+ TReg 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.49

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-b) that aid the deviation of the immune

system as observed during allergen-specific immunotherapy

IL-10 TGF-b

Suppresses allergen-specific IgE Suppresses allergen-specific IgE

Induces allergen-specific IgG4 Induces allergen-specific IgA

Blocks B7/CD2c costimulatory pathway Suppresses allergen-specific Th1 and Th2 cells

Inhibits DC maturation, leading to reduced MHC class II Down-regulates FceRI expression on Langerhans cells and costimulatory

ligand expression

Reduces release of pro-inflammatory cytokines by mast cells Associated with CTLA-4 expression on T cells

IgE, immunoglobulin E; DC, dendritic cell; MHC, major histocompatibility complex; Th1, T helper type 1; CTLA-4, cytotoxic T-lymphocyte

antigen 4.
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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.50,51 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.13,23,52 In

contrast, some studies demonstrated that increased IL-10

levels are not associated with less allergic disease.53 IL-10

may also promote airway hyperresponsiveness54 and even

eosinophilia55 in allergy models.

The TGF-b superfamily consists of more than 35 mem-

bers with TGF-b1 being the proteotypic member. TGF-b
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.56 TGF-b1-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.57,58 Although controversial, TGF-b has been

implicated in the conversion of naive CD4+ CD25– T cells

into CD4+ CD25+ T cells by the induction of FoxP3.59

TGF-b signalling has been demonstrated to be required

for in vivo expansion and immunosuppressive capacity of

CD4+ CD25+ T cells.60 However, studies with TGF-b-
deficient mice have shown that CD4+ CD25+ T cells can

develop up to 2 weeks and autocrine TGF-b production

was not essential for these cells to exhibit suppressive

activity in vivo.61

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-b is thought

to suppress this disease by inhibiting autoimmune

responses within the target organs.62

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.63 The increased allergic inflammation

observed after blocking of CTLA-4 is clearly associated

with decreased TGF-b levels in the bronchoalveolar lavage

fluid of these animals.64 Furthermore, inhibition of

experimental tracheal eosinophilia was also the result of

the induction of CD4+ T cells secreting TGF-b.65

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-b receptors

are also able to activate Smad-independent signalling

mechanisms, including mitogen-activated protein kinases

and phosphatidylinositol 3-kinase (PI3-K).66 However,

the exact suppressive mechanisms behind TGF-b 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-b1.58,67 However, studies using TGF-b-
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.68 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 TGF-

b.69 Studies on the IL-12 signal transduction pathway in

T cells revealed that TGF-b 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-c
production, with an increase in apoptotic cell death.70

Enforcement of STAT4 expression partly prevented inhi-

bition of IFN-c production by TGF-b during priming,

but did not prevent inhibition of Th1 development, indi-

cating the use of distinct mechanisms by TGF-b.71

Antibody isotype regulation by IL-10 and TGF-b

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.41 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.22,72 Moreover, IL-10 produced and progressively

secreted during allergen-SIT, appears to counter-regulate

the synthesis of antigen-specific IgE and IgG4 antibodies.13

IL-10 potently suppresses both total and allergen-specific

IgE, whereas it simultaneously increases IgG4 produc-

tion.13,73 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 IgG4, low amounts

of IgG1 and trace amounts of IgE antibodies in serum

were demonstrated in the healthy immune response to
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Der p 1.14 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,

IgG1 and IgG4 was observed.14 The increase of specific

IgA and IgG4 in serum coincides with increased TGF-b
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.13,74

In addition, IL-10 has been shown to reduce pro-

inflammatory cytokine release from mast cells,75 down-

regulate eosinophil function and activity, and suppress

IL-5 production from resting human Th0 and Th2 cells.76

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.77 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.78,79 TCR stimulation without

costimulation or by blocking the costimulation in vivo

and in vitro, induces tolerance or anergy in T cells.15,80

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.81 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.81 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 CD28.81,82 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.81 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

comprises an 85 000 MW regulatory subunit and a

110 000 MW catalytic subunit possessing both protein

serine-kinase and lipid-kinase activity.83 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.84 This binding requires

tyrosine phosphorylation of the tyrosine residues within

the pYxxM motif (Y191MNM) in CD28.84 IL-10 exerts its

biological functions through the activation of Jak1 and

Tyk2, the members of the receptor-associated Janus tyro-

sine kinase family and Stat1 and Stat3 and in certain cells

Stat5.85 Previous studies demonstrated that IL-10 does not

only inhibit T cells, it is also a potent inhibitor of activated

monocytes and macrophages.86 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 Stat1.87

IL-10-secreting B cells have recently been proposed to

prevent the development of arthritis.88 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.89

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.90 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.91 These phenotypically mature pulmonary DC,

which were B7hi, stimulate the development of CD4+

Tr1-like cells. Adoptive transfer of IL-10+/+, but not

IL-10–/–, 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 DCReg 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-b.
Although they have not been classified as professional

regulatory cells, they may also have an involvement in the

generation and suppression of an immune response.92–96
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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 f-chain in T

cells.97 Studies on CD4+ CD25+ TReg 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-4.98 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.98 Similarly, the treatment of

mice, which are recipients of CD4+ CD45RBlow T cells,

with these agents abrogated the suppression of inflamma-

tory bowel disease.26 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.42 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.43 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.99,100 Stimulation of CD4+ CD25+

TReg cells through GITR breaks immunological self-toler-

ance.100 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.101 In addition, CD103

(aEb7 integrin) and CD122 (b-chain of IL-2 receptor) are

highly expressed on CD4+ CD25+ TReg cells, which corre-

lates with their suppressive activity.102,103

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).104

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 TReg 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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IL-10 in specific immunotherapy. J Clin Invest 1998; 102:98–

106.

14 Jutel M, Akdis M, Budak F, Aebischer-Casaulta C, Wrzyszcz M,

Blaser K, Akdis AC. IL-10 and TGF-b cooperate in regulatory T

cell response to mucosal allergens in normal immunity and spe-

cific immunotherapy. Eur J Immunol 2003; 33:1205–14.

15 Lamb JR, Skidmore BJ, Green N, Chiller JM, Feldmann M.

Induction of tolerance in influenza virus-immune T lymphocyte

clones with synthetic peptides of influenza hemagglutinin. J Exp

Med 1983; 157:1434–47.

16 Faith A, Akdis CA, Akdis M, Simon H-U, Blaser K. Defective

TCR stimulation in anergized type 2 T helper cells correlates

with abrogated p56lck and ZAP-70 tyrosine kinase activities.

J Immunol 1997; 159:53–60.

17 Schwartz RH. T cell anergy. Annu Rev Immunol 2003; 21:305–

34.

18 Walker LS, Abbas AK. The enemy within: keeping self-reactive

T cells at bay in the periphery. Nat Rev Immunol 2002; 2: 11–19.

19 Gershon RK, Kondo K. Cell interactions in the induction of tol-

erance: the role of thymic lymphocytes. Immunology 1970;

18:723–37.

20 Levings MK, Sangregorio R, Galbiati F, Squadrone S, de Waal

Malefyt R, Roncarolo MG. IFN-alpha and IL-10 induce the dif-

ferentiation of human type 1 T regulatory cells. J Immunol

2001; 166:5530–9.

21 Nasser SM, Ying S, Meng O, Kay AB, Ewan PW. Interleukin-10

levels increase in cutaneous biopsies of patients undergoing wasp

venom immunotherapy. Eur J Immunol 2001; 31:3704–13.

22 Akdis CA, Blaser K. IL-10-induced anergy in peripheral T cell

and reactivation by microenvironmental cytokines: two key

steps in specific immunotherapy. Faseb J 1999; 13:603–9.

23 Müller UR, Akdis CA, Fricker M, Akdis M, Bettens F, Blesken

T, Blaser K. Successful immunotherapy with T cell epitope pep-

tides of bee venom phospholipase A2 induces specific T cell

anergy in bee sting allergic patients. J Allergy Clinimmunol 1998;

101:747–54.

24 Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M.

Immunologic self-tolerance maintained by activated T cells

expressing IL-2 receptor alpha-chains (CD25). Breakdown of a

single mechanism of self-tolerance causes various autoimmune

diseases. J Immunol 1995; 155:1151–64.

25 Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the

development and function of CD4+CD25+ regulatory T cells.

Nat Immunol 2003; 4:330–6.

26 Read S, Malmstrom V, Powrie F. Cytotoxic T lymphocyte-

associated antigen 4 plays an essential role in the function of

CD25(+) CD4(+) regulatory cells that control intestinal inflam-

mation. J Exp Med 2000; 192:295–302.

27 Annunziato F, Cosmi L, Liotta F et al. Phenotype, localization,

and mechanism of suppression of CD4+CD25+ human thymo-

cytes. J Exp Med 2002; 196:379–87.

28 Wildin RS, Ramsdell F, Peake J et al. X-linked neonatal diabetes

mellitus, enteropathy and endocrinopathy syndrome is the

human equivalent of mouse scurfy. Nat Genet 2001; 27:18–20.

29 Chatila TA, Blaeser F, Ho N, Lederman HM, Voulgaropoulos C,

Helms C, Bowcock AM. JM2, encoding a fork head-related pro-

tein, is mutated in X-linked autoimmunity–allergic disregulation

syndrome. J Clin Invest 2000; 106:R75–81.

30 Ling EM, Smith T, Nguyen XD, Pridgeon C, Dallman M,

Arbery J, Carr VA, Robinson DS. Relation of CD4+CD25+ reg-

ulatory T-cell suppression of allergen-driven T-cell activation to

atopic status and expression of allergic disease. Lancet 2004;

363:608–15.

31 Weiner HL. Induction and mechanism of action of transform-

ing growth factor-beta-secreting Th3 regulatory cells. Immunol

Rev 2001; 182:207–14.

32 Weiner HL. Oral tolerance for the treatment of autoimmune

diseases. Annu Rev Med 1997; 48:341–51.

33 Hu D, Ikizawa K, Lu L, Sanchirico ME, Shinohara ML, Cantor

H. Analysis of regulatory CD8 T cells in Qa-1-deficient mice.

Nat Immunol 2004; 5:516–23.

34 Manavalan JS, Kim-Schulze S, Scotto L et al. Alloantigen speci-

fic CD8+ CD28– FOXP3+ T suppressor cells induce ILT3+

ILT4+ tolerogenic endothelial cells, inhibiting alloreactivity.

International Immunol 2004; 16:1055–68.

35 Müller UR, Mosbech H. Position paper: Immunotherapy with

hymenoptera venoms. Allergy 1993; 48:36–46.

36 Varney VA, Gaga M, Frew AJ, Aber VR, Kay AB, Durham SR.

Usefulness of immunotherapy in patients with severe summer hay

fever uncontrolled by antiallergic drugs. BMJ 1991; 302:265–9.

37 Jutel M, Watanabe T, Klunker S et al. Histamine regulates

T-cell and antibody responses by differential expression of H1

and H2 receptors. Nature 2001; 413:420–5.

38 van Neerven RJ, Wikborg T, Lund G, Jacobsen B, Brinch-

Nielsen A, Arnved J, Ipsen H. Blocking antibodies induced by

specific allergy vaccination prevent the activation of CD4+ T

cells by inhibiting serum-IgE-facilitated allergen presentation.

J Immunol 1999; 163:2944–52.

39 Rocklin RE, Sheffer A, Greineder DK, Melmon KL. Generation

of antigen-specific suppressor cells during allergy desensitiza-

tion. N Engl J Med 1980; 302:1213–19.

440 � 2006 Blackwell Publishing Ltd, Immunology, 117, 433–442

A. Taylor et al.



40 Creticos PS, Adkinson NF Jr, Kagey-Sobotka A, Proud D, Meier

HL, Naclerio RM, Lichtenstein LM, Norman PS. Nasal chal-

lenge with ragweed pollen in hay fever patients. Effect of immu-

notherapy. J Clin Invest 1985; 76:2247–53.

41 Akdis CA, Akdis M, Blesken T, Wymann D, Alkan SS, Muller

U, Blaser K. Epitope-specific T cell tolerance to phospholipase

A2 in bee venom immunotherapy and recovery by IL-2 and

IL-15 in vitro. J Clin Invest 1996; 98:1676–83.

42 Nishimura H, Nose M, Hiai H, Minato N, Honjo T. Develop-

ment of lupus-like autoimmune diseases by disruption of the

PD-1 gene encoding an ITIM motif-carrying immunoreceptor.

Immunity 1999; 11:141–51.

43 Carter L, Fouser LA, Jussif J et al. PD-1: PD-L inhibitory path-

way affects both CD4(+) and CD8(+) T cells and is overcome

by IL-2. Eur J Immunol 2002; 32:634–43.

44 Kussebi F, Karamloo F, Rhyner C et al. A major allergen gene-

fusion protein for potential usage in allergen-specific immuno-

therapy. J Allergy Clin Immunol 2005; 115:323–9.

45 Moore KW, de Waal Malefyt R, Coffman RL, O’Garra A. Inter-

leukin-10 and the interleukin-10 receptor. Annu Rev Immunol

2001; 19:683–765.

46 Enk AH, Saloga J, Becker D, Zadeh M, Knop J. Induction of

hapten-specific tolerance by interleukin 10 in vivo. J Exp Med

1994; 179:1397–402.

47 Bacchetta R, Bigler M, Touraine JL et al. High levels of interleu-

kin 10 production in vivo are associated with tolerance in SCID

patients transplanted with HLA mismatched hematopoietic stem

cells. J Exp Med 1994; 179:493–502.

48 Becker JC, Czerny C, Brocker EB. Maintenance of clonal anergy

by endogenously produced IL-10. Int Immunol 1994; 6:1605–12.

49 Mekala DJ, Alli RS, Geiger TL. IL-10-dependent infectious tol-

erance after the treatment of experimental allergic encephalo-

myelitis with redirected CD4+ CD25+ T lymphocytes. Proc Natl

Acad Sci USA 2005; 102:11817–22.

50 Borish L, Aarons A, Rumbyrt J, Cvietusa P, Negri J, Wenzel S.

Interleukin-10 regulation in normal subjects and patients with

asthma. J Allergy Clin Immunol 1996; 97:1288–96.

51 Koning H, Neijens HJ, Baert MR, Oranje AP, Savelkoul HF.

T cells subsets and cytokines in allergic and non-allergic chil-

dren. II. Analysis and IL-5 and IL-10 mRNA expression and

protein production. Cytokine 1997; 9:427–36.

52 Pierkes M, Bellinghausen I, Hultsch T, Metz G, Knop J, Saloga

J. Decreased release of histamine and sulfidoleukotrienes by

human peripheral blood leukocytes after wasp venom immuno-

therapy is partially due to induction of IL-10 and IFN-gamma

production of T cells. J Allergy Clin Immunol 1999; 103:326–

32.

53 Tillie-Leblond I, Pugin J, Marquette CH et al. Balance between

proinflammatory cytokines and their inhibitors in bronchial

lavage from patients with status asthmaticus. Am J Respir Crit

Care Med 1999; 159:487–94.

54 Makela MJ, Kanehiro A, Borish L et al. IL-10 is necessary for

the expression of airway hyperresponsiveness but not pulmon-

ary inflammation after allergic sensitization. Proc Natl Acad Sci

USA 2000; 97:6007–12.

55 Yang X, Wang S, Fan Y, Han X. IL-10 deficiency prevents IL-5

overproduction and eosinophilic inflammation in a murine

model of asthma-like reaction. Eur J Immunol 2000; 30:382–91.

56 Letterio JJ, Roberts AB. Regulation of immune responses by

TGF-beta. Annu Rev Immunol 1998; 16:137–61.

57 Diebold RJ, Eis MJ, Yin M, Ormsby I, Boivin GP, Darrow BJ,

Saffitz JE, Doetschman T. Early-onset multifocal inflamma-

tion in the transforming growth factor beta 1-null mouse is lym-

phocyte mediated. Proc Natl Acad Sci USA 1995; 92: 12215–19.

58 Shull MM, Ormsby I, Kier AB et al. Targeted disruption of the

mouse transforming growth factor-beta 1 gene results in multi-

focal inflammatory disease. Nature 1992; 359:693–9.

59 Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N,

McGrady G, Wahl SM. Conversion of peripheral CD4+CD25–

naive T cells to CD4+CD25+ regulatory T cells by TGF-beta

induction of transcription factor Foxp3. J Exp Med 2003;

198:1875–86.

60 Huber S, Schramm C, Lehr HA et al. Cutting edge: TGF-beta

signaling is required for the in vivo expansion and immuno-

suppressive capacity of regulatory CD4+CD25+ T cells. J Immu-

nol 2004; 173:6526–31.

61 Mamura M, Lee W, Sullivan TJ, Felici A, Sowers AL, Allison JP,

Letterio JJ. CD28 disruption exacerbates inflammation in Tgf-

beta1–/– mice. In vivo suppression by CD4+CD25+ regulatory

T cells independent of autocrine TGF-beta1. Blood 2004;

103:4594–601.

62 Chen Y, Inobe J, Kuchroo VK, Baron JL, Janeway CA Jr, Wein-

er HL. Oral tolerance in myelin basic protein T-cell receptor

transgenic mice. Suppression of autoimmune encephalomyelitis

and dose-dependent induction of regulatory cells. Proc Natl

Acad Sci USA 1996; 93:388–91.

63 Vignola AM, Chanez P, Chiappara G et al. Transforming growth

factor-beta expression in mucosal biopsies in asthma and chronic

bronchitis. Am J Respir Crit Care Med 1997; 156:591–9.

64 Hellings PW, Vandenberghe P, Kasran A, Coorevits L,

Overbergh L, Mathieu C, Ceuppens JL. Blockade of CTLA-4

enhances allergic sensitization and eosinophilic airway inflam-

mation in genetically predisposed mice. Eur J Immunol 2002;

32:585–94.

65 Haneda K, Sano K, Tamura G, Shirota H, Ohkawara Y, Sato T,

Habu S, Shirato K. Transforming growth factor-beta secreted

from CD4(+) T cells ameliorates antigen-induced eosinophilic

inflammation. A novel high-dose tolerance in the trachea. Am J

Respir Cell Mol Biol 1999; 21:268–74.

66 Massague J. How cells read TGF-beta signals. Nat Rev Mol Cell

Biol 2000; 1:169–78.

67 Kulkarni AB, Huh CG, Becker D et al. Transforming growth

factor beta 1 null mutation in mice causes excessive inflamma-

tory response and early death. Proc Natl Acad Sci USA 1993;

90:770–4.

68 Sullivan TJ, Letterio JJ, van Elsas A et al. Lack of a role for

transforming growth factor-beta in cytotoxic T lymphocyte anti-

gen-4-mediated inhibition of T cell activation. Proc Natl Acad

Sci USA 2001; 98:2587–92.

69 Sung JL, Lin JT, Gorham JD. CD28 co-stimulation regulates

the effect of transforming growth factor-beta1 on the prolifer-

ation of naive CD4+ T cells. Int Immunopharmacol 2003; 3:

233–45.

70 Bright JJ, Sriram S. TGF-beta inhibits IL-12-induced activation

of Jak-STAT pathway in T lymphocytes. J Immunol 1998;

161:1772–7.

71 Lin JT, Martin SL, Xia L, Gorham JD. TGF-beta 1 uses distinct

mechanisms to inhibit IFN-gamma expression in CD4+ T cells

at priming and at recall. Differential involvement of Stat4 and

T-bet. J Immunol 2005; 174:5950–8.

� 2006 Blackwell Publishing Ltd, Immunology, 117, 433–442 441

Immune suppression by IL-10 and TGF-b



72 Durham SR, Walker SM, Varga EM et al. Long-term clinical

efficacy of grass-pollen immunotherapy. N Engl J Med 1999;

341:468–75.

73 Punnonen J, De Waal Malefyt R, Van Vlasselaer P, Gauchat J-F,

De Vries JE. IL-10 and viral IL-10 prevent IL-4-induced IgE

synthesis by inhibiting the accessory cell function of monocytes.

J Immunol 1993; 151:1280–9.

74 Sonoda E, Matsumoto R, Hitoshi Y et al. Transforming

growth factor beta induces IgA production and acts additively

with interleukin 5 for IgA production. J Exp Med 1989;

170:1415–20.

75 Marshall JS, Leal-Berumen I, Nielsen L, Glibetic M, Jordana M.

Interleukin (IL) -10 inhibits long-term IL-6 production but not

preformed mediator release from rat peritoneal mast cells.

J Clin Invest 1996; 97:1122–8.

76 Schandene L, Alonso-Vega C, Willems F et al. B7/CD28-

dependent IL-5 production by human resting T cells is inhib-

ited by IL-10. J Immunol 1994; 152:4368–74.

77 Baxter AG, Hodgkin PD. Activation rules: the two-signal theor-

ies of immune activation. Nat Rev Immunol 2002; 2:439–46.

78 Boussiotis VA, Gribben JG, Freeman GJ, Nadler LM. Blockade

of the CD28 co-stimulatory pathway: a means to induce toler-

ance. Curr Opin Immunol 1994; 6:797–807.

79 Wingren AG, Parra E, Varga M, Kalland T, Sjogren HO, Hedl-

und G, Dohlsten M. T cell activation pathways. B7, LFA-3, and

ICAM-1 shape unique T cell profiles. Crit Rev Immunol 1995;

15:235–53.

80 Harding FA, McArthur JG, Gross JA, Raulet DH, Allison JP.

CD28-mediated signalling co-stimulates murine T cells and

prevents induction of anergy in T-cell clones. Nature 1992;

356:607–9.

81 Akdis CA, Joss A, Akdis M, Faith A, Blaser K. A molecular basis

for T cell suppression by IL-10: CD28-associated IL-10 receptor

inhibits CD28 tyrosine phosphorylation and phosphatidylinosi-

tol 3-kinase binding. Faseb J 2000; 14:1666–8.

82 Joss A, Akdis M, Faith A, Blaser K, Akdis CA. IL-10 directly

acts on T cells by specifically altering the CD28 co-stimulation

pathway. Eur J Immunol 2000; 30:1683–90.

83 Ward SG, June CH, Olive D. PI3-kinase: a pivotal pathway in

T-cell activation? Immunoltoday 1996; 17:187–97.

84 Prasad KV, Cai YC, Raab M, Duckworth B, Cantley L, Shoelson

SE, Rudd CE. T-cell antigen CD28 interacts with the lipid kin-

ase phosphatidylinositol 3-kinase by a cytoplasmic Tyr(P)-Met-

Xaa-Met motif. Proc Natl Acad Sci USA 1994; 91:2834–8.

85 Finbloom DS, Winestock KD. IL-10 induces the tyrosine phos-

phorylation of tyk2 and Jak1 and the differential assembly of

STAT1 alpha and STAT3 complexes in human T cells and

monocytes. J Immunol 1995; 155:1079–90.

86 de Waal Malefyt R, Abrams J, Bennett B, Figdor CG, de Vries

JE. Interleukin 10 (IL-10) inhibits cytokine synthesis by human

monocytes. An autoregulatory role of IL-10 produced by mono-

cytes. J Exp Med 1991; 174:1209–20.

87 Ito S, Ansari P, Sakatsume M, Dickensheets H, Vasquez N,

Donnelly RP, Larner AC, Finbloom DS. Interleukin-10 inhibits

expression of both interferon a and interferon c-induced genes

by suppressing tyrosine phosphorylation of STAT1. Blood 1999;

93:1456–63.

88 Mauri C, Gray D, Mushtaq N, Londei M. Prevention of athritis

by interleukin 10-producing B cells. J Exp Med 2003; 197:

489–501.

89 Reid CD. The biology and clinical applications of dendritic

cells. Transfus Med 1998; 8:77–86.

90 Steinbrink K, Wolfl M, Jonuleit H, Knop J, Enk A. Induction of

tolerance by IL-10-treated dendritic cells. J Immunol 1997;

159:4772–80.

91 Akbari O, DeKruyff RH, Umetsu DT. Pulmonary dendritic cells

producing IL-10 mediate tolerance induced by respiratory expo-

sure to antigen. Nat Immunol 2001; 2:725–31.

92 Morganti-Kossmann MC, Kossmann T, Brandes ME, Mergenha-

gen SE, Wahl SM. Autocrine and paracrine regulation of

astrocyte function by transforming growth factor-beta.

J Neuroimmunol 1992; 39:163–73.

93 Kao JY, Gong Y, Chen CM, Zheng QD, Chen JJ. Tumor-

derived TGF-beta reduces the efficacy of dendritic cell/tumor

fusion vaccine. J Immunol 2003; 170:3806–11.

94 Rivas JM, Ullrich SE. Systemic suppression of delayed-type

hypersensitivity by supernatants from UV-irradiated keratino-

cytes. An essential role for keratinocyte-derived IL-10. J Immu-

nol 1992; 149:3865–71.

95 Lidstrom C, Matthiesen L, Berg G, Sharma S, Ernerudh J, Eker-

felt C. Cytokine secretion patterns of NK cells and macrophages

in early human pregnancy decidua and blood: implications for

suppressor macrophages in decidua. Am J Reprod Immunol

2003; 50:444–52.

96 Kitamura M, Suto T, Yokoo T, Shimizu F, Fine LG. Transform-

ing growth factor-beta 1 is the predominant paracrine inhibitor

of macrophage cytokine synthesis produced by glomerular

mesangial cells. J Immunol 1996; 156:2964–71.

97 Lee K-M, Chuang E, Griffin M et al. Molecular basis of T cell

inactivation by CTLA-4. Science 1998; 282:2263–6.

98 Takahashi T, Tagami T, Yamazaki S, Uede T, Shimizu J, Sakag-

uchi N, Mak TW, Sakaguchi S. Immunologic self-tolerance

maintained by CD25(+) CD4(+) regulatory T cells constitu-

tively expressing cytotoxic T lymphocyte-associated antigen 4.

J Exp Med 2000; 192:303–10.

99 McHugh RS, Whitters MJ, Piccirillo CA, Young DA, Shevach

EM, Collins M, Byrne MC. CD4(+) CD25(+) immunoregula-

tory T cells. Gene expression analysis reveals a functional role

for the glucocorticoid-induced TNF receptor. Immunity 2002;

16:311–23.

100 Shimizu J, Yamazaki S, Takahashi T, Ishida Y, Sakaguchi S.

Stimulation of CD25(+) CD4(+) regulatory T cells through

GITR breaks immunological self-tolerance. Nat Immunol 2002;

3:135–42.

101 Nocentini G, Giunchi L, Ronchetti S, Krausz LT, Bartoli A,

Moraca R, Migliorati G, Riccardi C. A new member of the

tumor necrosis factor/nerve growth factor receptor family inhib-

its T cell receptor-induced apoptosis. Proc Natl Acad Sci USA

1997; 94:6216–21.

102 Lehmann J, Huehn J, de la Rosa M et al. Expression of the inte-

grin alpha E beta 7 identifies unique subsets of CD25+ as well

as CD25– regulatory T cells. Proc Natl Acad Sci USA 2002;

99:13031–6.

103 Levings MK, Sangregorio R, Roncarolo MG. Human CD25(+)

CD4(+) T regulatory cells suppress naive and memory T cell

proliferation and can be expanded in vitro without loss of func-

tion. J Exp Med 2001; 193:1295–302.

104 Taylor A, Verhagen J, Akdis CA, Akdis M. T regulatory cells in

allergy and health: a question of allergen specificity and balance.

Int Arch Allergy Immunol 2004; 135:73–82.

442 � 2006 Blackwell Publishing Ltd, Immunology, 117, 433–442

A. Taylor et al.


