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Active suppression by regulatory T cells (Tregs) appears to play a key role in the 
downregulation of T-cell responses to foreign antigens. Several subtypes of Tregs have been 
described but their mechanisms of action remain unclear. Recent data demonstrate that 
the suppressive capacity of natural Tregs could be associated with cytotoxicity due to the 
release of granzymes, which are capable of apoptosis induction in target effector 
T lymphocytes and in antigen-presenting cells, such as dendritic cells. The mechanism of 
such nonspecific Tregs is discussed. Peptide immunotherapy is thought to induce regulatory 
cells capable of suppressing autoimmune and allergic diseases. We have recently 
optimized a vaccination strategy by which cytotoxic antigen-specific adaptive Tregs can 
be elicited towards allergens involved in allergic asthma. Such a strategy could be of 
value in the treatment of allergic asthma.
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Allergic bronchial asthma 
The prevalence of allergic asthma has almost
doubled in the last 25 years and has now
reached epidemic proportions. It is defined as an
inflammation affecting the bronchi, airway
hyperreactivity (AHR) and obstruction of the
bronchial tree after exposure to specific or non-
specific triggering factors. Airway inflammation
may result in remodeling due to the interplay of
cells with soluble factors in the respiratory tract.
Effector cells, such as T lymphocytes, eosino-
phils, mast cells and basophils, are activated by
aeroallergen exposure. This is accompanied by
organ-selective homing of inflammatory cells
under the influence of a complex network of
chemokines in the lungs [1]. Endowed with a
prolonged survival, these cells interact with sub-
epithelial tissues and become reactivated within
the organ [2], leading to a full spectrum of effec-
tor mechanisms, including eosinophil activa-
tion, IgE synthesis, mucus hyperproduction and
remodeling [3,4].

T-helper type 2-based etiology?
Mucosal surfaces, such as the bronchial epithe-
lium, are continuously exposed to environ-
mental antigens. This must be handled in a
way that does not harm the host. This is

achieved by a fully reactive mucosal immune
system inducing a state of tolerance towards
inhaled antigens, while, at the same time,
maintaining the capacity to develop strong
protective responses towards environmental
pathogens, such as viruses and bacteria. 

The production of T-helper (Th)2-type
cytokines (i.e., interleukin [IL]-4, -5, -13) is
increased in broncho-alveolar fluids, in cells
and in airway biopsies taken from asthma
sufferers [5]. This is associated with a decrease
in the production of the main cytokines
responsible for Th1 differentiation of CD4+

T cells, that is, interferon (IFN)-γ and IL-12.
Also, GATA binding protein 3, a Th2-type
transcription factor, is expressed in CD4+

T cells from asthmatic airways [6], which
points towards CD4+ Th2 lymphocytes
being the primary cause of pulmonary
inflammation, AHR, airway eosinophilia and
mucus hypersecretion. This allergy paradigm
has been validated with the widely used oval-
bumin (OVA)-induced asthma model in the
mouse, in which OVA aerosols induce AHR,
eosinophilia, inflammation and specific IgE
antibodies. Furthermore, in an IL-4 knock-
out model [7], AHR to OVA challenge was
impaired considerably, while in an IL-5
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knock-out model, hyper responsiveness and eosinophilia were
fully prevented [8], which confirmed the participation of
Th2-derived cytokines in the pathology of allergic asthma. 

The latter cannot, however, be explained solely by a Th2
paradigm [9]. Treatment with anti-IL-5 monoclonal antibodies
suppressed eosinophilia but was ineffective in decreasing
bronchial hyperreactivity in humans [10]. Other inflammatory
components incriminate the Th1 cytokine IFN-γ. This was
demonstrated, inter alia, by blood evaluation showing that
asthma severity was clearly associated with an increased pro-
duction of IFN-γ by CD8+ cells [11]. As well as the Th1-cell
counterbalancing effect on Th2 cell development [12] and
eosino-philia [13], IFN-γ-producing cells can, in fact, strongly
exacerbate allergic asthma, at least in the mouse. In a mouse
model of asthma, migration of adoptively transferred Th1
lymphocytes to the lungs was detrimental, with increased
inflammation and pathological alterations [14].

Altogether, a simple Th1–Th2 paradigm appears difficult to
reconcile with observed data, both in humans and mice.

CD4+CD25+ regulatory T cells
An alternative view on the pathogenesis of asthma is that it is
not the inflammatory infiltrate that leads to asthma but a
reduced capacity to prevent and/or suppress such inflamma-
tion. Regulatory T cells (Tregs) are well designed for such a
purpose. They exhibit immunosuppressive properties on both
Th2 and Th1 cells [15], thereby inhibiting the production of
IL-4, -5 and -9 cytokines, which are important for the differen-
tiation of mast cells, basophils, homing of Th2 cells and mucus
hyperproduction.

These observations suggest, but do not yet prove, that most
of the aspects of allergic asthma could be the consequences of
an inefficient regulatory process, rather than uncontrolled
accumulation of inflammatory cells. If this is the case, Tregs will
be vital to the future of allergic asthma therapy.

The Tregs that are most fully described all carry the pheno-
type CD4+CD25+ cells. These are generated in the thymus,
represent approximately 5% of all CD4+ T lymphocytes and
can suppress various inflammatory processes, including inflam-
matory bowel diseases and autoimmune diabetes in mouse
models [16,17]. Depletion of these cells elicits diverse inflamma-
tory pathologies. Their development is associated with
FOXP3 [18], a transcription factor responsible for the silencing
of some cytokine gene promoters. Mutations in the FOXP3
gene result in the absence of natural Tregs and are the under-
lying cause of the immune dysregulation, polyendocrinopathy,
enteropathy X-linked (IPEX) syndrome (which leads to atopic
dermatitis), eosinophilia, increased serum IgE levels and
lethal infections. 

CD4+CD25+ regulatory cells can produce IL-10 and trans-
forming growth factor (TGF)-β and are commonly activated by
dendritic cells presenting self-peptides. Interestingly, these two
immunosuppressive cytokines are produced at low level and, in
mouse models, neutralizing antibodies to the respective cell-
surface receptors cannot overcome the suppression, indicating

that other mechanisms are involved [19–21]. In vitro, these natural
Tregs suppress adaptive T-cell responses in a cell-contact depend-
ent manner. They express cytotoxic T-lymphocyte-associated
protein (CTLA)-4 that can ligate B7 molecules at the surface of
dendritic cells, resulting in the induction of the enzyme
indoleamine 2,3-dioxygenase (IDO) in human dendritic cells,
leading to tryptophan depletion, autoreactive T-cell starvation
and death [22]; a process that is enhanced by IL-10 [23]. 

Whether or not such a mechanism is involved in the control
of asthma symptoms is investigated by an experiment carried
out in an OVA-induced model of asthma. Coadministration of
Toll-like receptor-9 ligands  (e.g., immunostimulatory sequence
oligodeoxynucleotides [ISS-ODN]) and high-dose lipopoly-
saccharide induced IDO activity in the lungs that correlated
with reduced AHR to nonspecific challenge and with reduced
eosinophil accumulation in bronchoalveolar lavage (BAL)
fluid [24]. The level of IDO activity achieved in nonimmune
cells generated a hostile and cytotoxic microenvironment for
infiltrating Th1 and -2 cells.

Is there a functional deficit in the regulatory cell population of 
allergic individuals? 
A murine model of asthma first provided evidence that a lower
frequency of CD4+CD25+ Tregs could result in increased hyper-
reactivity that could be reversed by blocking the proinflammatory
cytokine IL-6 [25]. 

In humans, a recent study showed that CD4+CD25+ Tregs
have a limited capacity to suppress polyclonal T-lymphocyte
proliferation in patients with seasonal allergy, compared with
nonallergic controls [26].

These results are compatible with those of Akdis and
colleagues, who demonstrated that allergen specific T cells
from allergic subjects produced mainly IL-4 and that those
derived from nonallergics produced mainly IL-10 [15]. This is
also consistent with observations made regarding allergic and
nonallergic children, in whom IL-10 was associated with nega-
tive skin tests [27]. It is, therefore, a tenable hypothesis that aller-
gic inflammatory responses are due to a CD4+CD25+ Treg defi-
ciency. However, the therapeutic potential of natural Tregs is
limited by their low numbers and the risk of uncontrolled pan-
immunosuppression. Adaptive Tregs could possibly circumvent
these difficulties.

Adaptive Tregs

Adaptive Tregs are formed in the periphery and several subsets
of such cells have been derived using various stimulation
methods. Th3 cells produce high levels of TGF-β and varia-
ble amounts of IL-4 and IL-10. They are found in mesenteric
lymph nodes after tolerance induction by oral antigen
administration [28] and can suppress autoimmune diseases,
such as encephalomyelitis.

Type 1 T regulatory cells (TR1) produce high concentrations
of IL-10 and, to a lesser extent, TGF-β and do not express
FOXP3. They can be derived in vitro from naive human CD4
cells after exposure to IL-10, IFN-α or IL-4 and -10 [29].
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Chronic activation of either human or murine CD4+ T cells
with IL-10 induces populations of cells with low proliferating
capacities and high production of IL-10 [30]. Kemper and
colleagues were able to generate human TR1 regulatory
lymphocytes through dual activation with antibodies recog-
nizing the CD3 and CD46 molecules [31]. The TR1 subset of
suppressor cells is certainly diverse in terms of induction
mechanisms and the relationships between Th3 and TR1
remain to be defined. 

Whether adaptive antigen-specific Tregs can be used to keep
allergic inflammation under control is a matter of debate.
Thus, Stock and colleagues described the in vitro induction of
a population of regulatory CD4+ T cells sharing some charac-
teristics with TR1 cells, such as production of IL-10 (in this
particular situation they also produced IFN-γ and expressed
FOXP3) that was able to protect against AHR in an OVA-
induced asthma model [32]. Oral or intravenous administra-
tion of antigen has resulted in the production of adaptive
antigen-specific CD4+CD25+ Tregs [33] but also in the
development of strongly suppressive Th3 cells [34]. Th2-
driven inflammation in mice can be inhibited by subcutane-
ous administration of peptide [35,36], leading to the develop-
ment of antigen-specific Treg cells expressing FOXP3 and,
presumably, deriving from nonregulatory cells.

Allergen-specific immunotherapy: a niche for Tregs

Allergen immunotherapy consists of subcutaneous adminis-
tration of increasing doses of allergens and is effective in aller-
gic rhinitis and, to some extent, in asthma [37,38]. It is associ-
ated with decreased Th2 responses and the development of
antigen-induced IL-10-secreting Tregs [39,40]. Some adjuvants
are more appropriate for inducing allergen-specific Tregs, for
instance, mice treated with mycobacteria are protected against
lung inflammation by Treg cells producing IL-10 and
IFN-γ [41]. In humans, however, the benefits of allergen
immunotherapy are overshadowed by the risk of harmful side
effects, such as anaphylaxis. For this reason, alternative strate-
gies, which would reduce the risk of side effects but increase
the generation of Tregs, have to be defined.

Allergen-derived peptides containing T-cell epitopes and
selected for their lack of IgE binding capacity have been used.
Clinical trials have demonstrated increased production of IL-10
concomitant with decreased Th-1 and -2 cytokines [42,43].
Differences in CD4+ T-cell populations were analyzed before
and after treatment with peptides and revealed that antigen-
specific proliferation is decreased after peptide immunotherapy.
The observation that isolated human CD4+ T cells inhibited
the proliferation of bystander cells in coculture experiments
suggested that allergen peptide immunotherapy was able to
induce regulatory CD4+ T cells [44]. Bystander suppression
represents an important feature of induced regulatory cells, by
which an epitope-specific Treg can suppress the response of
effector cells specific for another protein, provided that the
presentation of the two antigenic determinants is made by the
same antigen-presenting cell (APC) [45]. 

Nonspecific mechanisms of suppression 
Progress towards a therapeutic strategy by which antigen-
specific Tregs would keep symptoms of asthma under control
requires a better understanding of the mechanisms exerting
suppression. It is fair to state that, at this point in time, the spe-
cifics of such mechanisms remain controversial, not to mention
that significant differences exist between mice and humans. 

Contact-dependent mechanisms

Cell-contact dependency was demonstrated when the sup-
pressive activity of natural CD4+CD25+ Tregs was abrogated
in Transwell experiments, where regulatory cells were sepa-
rated by a membrane from target CD4+CD25- cells [46,47]. A
caveat with this methodology is that molecules acting in a
paracrine manner can lose their effect, owing to the
increased distance separating both cell types. Tryptophan is
an essential amino acid for effector CD4+ lymphocytes and
its deprivation can be initiated from IDO induction. Liga-
tion of the costimulatory molecule B7 on the target cell by
membrane-bound CTLA-4 induces IDO synthesis, a
phenomenon observed with murine CD4+CD25+ cells [48].
Anti-CTLA-4 antibodies were demonstrated to inhibit the
regulation by mouse Treg cells [49] but conflicting results were
obtained by different groups concerning experiments with
T lymphocytes from human peripheral blood and, so far, no
clear CTLA-4 mediated suppression could be assigned with
human cells [50].

Secretion of IL-10 and TGF-β

The effects of IL-10 appear to be restricted to costimulation
pathways, as it only inhibits tyrosine phosphorylation of
CD28, not of zeta-chain associated protein kinase (ZAP)-70,
which is induced by CD3 ligation [51,52]. IL-10 receptor bind-
ing activates phosphorylation of tyrosine kinase (TYK) 2 and
Janus kinase (JAK) 1 tyrosine kinases and also phosphorylation
of signal transducer and activator of transcription (STAT)-1α
and STAT-3 [53], leading to the inhibition of tyrosine phospho-
rylation of the cytoplasmic tail of CD28, preventing its binding
to Phosphatidylinositol (PI) 3-kinase and thereby signal
processing. In mice, IL-10 can increase the expression of
suppressor of cytokine signaling molecules [54], decrease the
expression of costimulatory molecules on APC and inhibit full
maturation of dendritic cells [55].

TGF-β is a complex molecule, not only in terms of target
T cells but also in terms of activities. Apart from its well known
pathogenesis in human asthma, including injured airway remode-
ling [56] and neutrophil and lymphocyte recruitment [57], TGF-β
is mainly described as an inhibitor of inflammation, capable of
acting on all cell types by activation of Smad pathways. 

TGF-β is important for the expansion of CD4+CD25+ cells,
owing to their suppressive capacity and the conversion of
mouse naive CD4+CD25- cells to CD4+CD25+ cells expressing
FOXP3 [58,59]. TGF-β is also important in the regulation of
apoptosis, although it provides signals for both cell survival and
apoptosis. For example, it inhibits apoptosis induced by
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FAS/FASL in activated T cells [60], as well as in other systems
using osteoblasts, microglia and smooth muscle cells [61].
However, TGF-β induces apoptosis in B-cell lymphoma by
increasing IκB-α transcription and inhibition of nuclear factor
(NF)-κB, known to be an anti-apoptotic transcription
factor [62]. In addition, TGF-β has the capacity to activate p38
mitogen-activated protein kinase, which triggers apoptotic
pathways through caspase-8 or -9 activation [63]. In human
epithelial cells, apoptosis and necrosis can be induced after
increased production of reactive oxygen species and  simul-
taneous decrease in antioxidant enzymes by TGF-β
treatment [64]. 

These pro- or anti-apoptotic effects vary from one cell-type
to another and the extracellular matrix plays a major role
through its interaction with TGF-β signaling. 

However, no definitive data have been generated that demon-
strate that TGF-β could induce apoptosis in immune cells.
TGF-β affects CD4+ lymphocyte differentiation by inhibiting
GATA-3 or T-BET expression [65,66] but it also regulates T-cell
proliferation, mainly by inhibiting IL-2 transcription [67] and
possibly by upregulation of cyclin-dependent kinase inhibitors
and downregulation of c-myc. 

Tregs & granule exocytosis
An intriguing finding in some Tregs is that they are equipped
with granules containing granzymes (GZs), a group of serine
proteases, that cleave and activate procaspases in the target cell,
resulting in DNA fragmentation and depolarization of mito-
chondrial membranes, which leads to apoptosis. This suggests
that granule exocytose could be involved in the regulation of
various immune responses.

The first clue that this could be the case was obtained
from TR1 cells. Cobbold and colleagues compared gene
expression in an induced TR1-like regulatory clone with that
of resting CD4+CD25+ splenocytes in order to identify spe-
cific clusters of  genes that were up- or down-regulated [68].
They identified shared genes that are increased on both cell

types, such as GITR, OX40 and CD103, but, remarkably,
they found a strong overexpression of GZ-A transcript in
TR1-like cells. 

Grossman and colleagues examined expression patterns at the
single-cell level using GZ-specific antibodies and an
intracellular flow cytometry technique [69]. They clearly demon-
strated that human CD4+ T-cell activation, either with anti-
CD3/CD28 or CD3/CD46 antibodies, resulted in increased
expression of GZ-B in up to 90% of cells. They further
examined naive and memory CD4+ lymphocytes. CD3/CD46
stimulation induced the largest proportion of GZ-B in naive
and memory cells, while CD3/CD28 only induced GZ-B-posi-
tive cells in the memory population. As mentioned previously,
CD3/CD46 stimulation of peripheral CD4 cells results in
phenotypic differentiation towards TR1 cells, producing high
levels of IL-10. These adaptive TR1 cells were tested for their
ability to kill allogenic tumor target cells. Killing was non-
specific (target cells were devoid of MHC class I and II mole-
cules), FAS–FASL-independent but it was perforin-dependent.
Grossman and colleagues also demonstrated that induced TR1
cells were able to kill auto-logous activated CD4+, CD8+ cells,
CD14+ monocytes and immature dendritic cells [70]. 

Most interestingly, natural CD4+CD25+ cells expressed
GZ-A but not GZ-B after CD3/CD46 stimulation. They were
also able to kill the same targets as the TR1 cells in a
perforin-dependent cytotoxicity [70]. 

The use of a GZ-B-deficient mouse strain indicated the
importance of GZ proteases in the suppressive ability of natural
CD4+CD25+ Treg. Gondek and colleagues demonstrated that
natural Tregs from GZ-B-/- mice have a 50% decrease in their
capacity to inhibit the proliferation of CD4+CD25- effector
T cells [71]. However, strikingly and in contrast with previous
results with human cells, suppression was independent of
perforin, as perforin-deficient mice were still able to suppress
proliferation. Most importantly, the contact-dependent
suppression resulted in effector-cell apoptosis but also in their
decreased proliferative capacity. The decreased, but not

Table 1. Major characteristics of CD4+ regulatory cells. 

Cell type Origin Classical suppressive 
mechanisms

Cytotoxicity:
mechanisms

Cytotoxicity: target cells Ref.

Natural CD4+CD25+ Thymus Cell contact, CTLA-4, TGF-β, 
IL-10

GZ-A, GZ-B, perforin* Activated T cells, immature DC, 
CD14+ monocytes

[72,73]

TR1-like Periphery IL-10 (+/- IFN-γ, IL-5), cell 
contact

GZ-B, perforin* Activated T cells, immature DC, 
CD14+ monocytes

[71]

Th3 Periphery TGF-β (+/- IL-10), cell 
contact

? T cells

Other induced Treg Periphery (FOXP3+) IFN-γ, IL-10 ? T cells [29]

Periphery (FOXP3-) IFN-γ, IL-10 GZ-B, FAS-L Activated T cells, immature DC, 
B cells

[74]

*Perforin dependency is controversial: human and mouse models show opposed results. 
DC: Dendritic cell; GZ: Granzyme; IFN: Interferon; IL: Interleukin; Th3: T-helper type 3; TGF: Transforming growth factor; TR1: Type 1 regulatory T cell.
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abrogated, suppressive capacity of these GZ-B-deficient Tregs
showed, however, that suppression mechanisms are multiple,
even within a single subclass of regulatory CD4+ lymphocyte. 

The authors’ group has defined a peptide immunization
method that generates adaptive suppressor CD4+ T cells and
demonstrated its benefit in bronchial asthma. Tregs with pheno-
typic characteristics shared with natural CD4+CD25+ Treg (but
negative for FOXP3 at resting state) have been isolated and  dem-
onstrated to lyse target cells (e.g., APCs) in a MHC class II and
strictly contact-dependent manner [72]. Moreover, adoptive trans-
fer of such Tregs completely and selectively abrogated bronchial
inflammation, lung infiltrates and AHR in mice sensitized to a
recombinant form of the Der p 2 aeroallergen. Such Tregs kill tar-
get cells by apoptosis induction through FAS–FASL interaction
and secretion of GZ family members, notably GZ-A and -B. 

Taken together, these data clearly implicate apoptosis in the reg-
ulatory capacity of different activated suppressor cells. Similar to
the FOXP3 deficiency, a defect in GZs leads to different auto-
immune pathologies [73], suggesting the important contribution
of these molecules to the control of immune responses.

Thus, subtypes of regulatory CD4+ cells can act after
activation, not only through classically
described mechanisms but also by gener-
ating apoptotic signals. This can lead to a
putatively more efficient immune regula-
tion by killing T lymphocytes and APC
(TABLE 1). Whether apoptosis induction by
Tregs represents an important facet of such
cells for in vivo suppressive activity
remains to be demonstrated. However, the
possibility of generating ‘à la carte’
antigen-specific cytotoxic Tregs represents
a fascinating approach with potential for
allergic and autoimmune diseases.

Expert commentary
Allergic bronchial asthma results from
complex, intricate mechanisms linking
innate and adaptive immunity. The mecha-
nism leading to one of the main symptoms
of asthma, airway hyper-reactivity, has not
yet been precisely determined and could be
independent of the development of lung
inflammatory infiltrates. The latter, con-
sisting of cells belonging to the adaptive
arm of the immune response, is dominated
by T cells, which are deemed to represent
the driving force in attracting cells (includ-
ing eosinophils and basophils) into the
lung. Therefore, a logical approach to the
treatment of asthma would be to prevent
effector T-cell activation and/or migration
into the lungs (FIGURE 1). Effector T cells
(whatever the subset to which they belong),
CD4+ Th1 and Th2, CD8+ and natural

killer T (NKT) cells, are activated after cognate interaction with
a specific peptide presented into the context of MHC-II, I or the
CD1d molecule, respectively. Preventing effector T-cell activa-
tion could, therefore, be achieved readily by elimination of the
peptide-presenting cells, preferably in a strictly antigen-specific
context. This is precisely what cytotoxic Tregs have to offer.

Such properties contrast with Tregs that are deemed to be
activated upon recognition of a cognate peptide but that
express their suppressive activity mainly through the secretion
of suppressive cytokines such as IL-10 and TGF-β, which is,
therefore, no longer specific.

Although many questions remain to be answered before
embarking on clinical application (see below), this approach
might fulfil an immunologist's dream: to switch off an
unwanted immune response using a biological scalpel.

Five-year view
The field of regulatory cells has evolved very rapidly over the
last 10 years and it is expected to continue to do so. Other
subsets of Tregs will be discovered, either naturally present in
the repertoire or elicited in the periphery, during the course

Figure 1. Regulatory CD4+ T cells generated after peptide immunization can migrate to draining
mediastinal LN where they can kill APC and allergen-specific effector T cells, prseventing their 
recirculation and the formation of cellular infiltrates promoters of inflammation. 
APC: Antigen-presenting cell; Th: T-helper cells; Treg: Regulatory T cell; LN: Lymph node.
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of natural immunization or through vaccination. However,
the data presently available are definitive enough to be able to
envision a number of clinical applications, at least in allergic
and auto-immune diseases. Peptides activating and expand-
ing Tregs with cytolytic properties require full characteriza-
tion, as well as the conditions under which they have to be

administered, including a choice for the right adjuvants.
Their mechanism of action has to be investigated fully, with a
particular emphasis on specificity. For in vivo applications,
lifetime expectancy of Tregs and their capacity to migrate to
tissues, such as the lung or lymph nodes, have to be
understood and controlled.

Key issues

• Effector T cells are instrumental in the development of allergic asthma. Preventing T-cell activation and/or migration into the lungs 
could be a valuable therapeutic approach for asthma.

• Conventional immunotherapy or peptide administration without adjuvant elicit variable degrees of regulatory T cells 
(Tregs) expansion.

• A subset of Tregs elicited upon peptidic administration in adjuvant develops cytotoxic properties towards antigen-presenting cells 
after cognate interaction.

• Controlling the conditions under which such cytotoxic Tregs can be elicited in vivo could offer a therapeutic approach for asthma.

• The mechanism of action of such cytotoxic T cells should be deciphered at the molecular level, as well as the behavior of such cells 
in vivo, including lifetime expectancy and capacity to migrate to tissues.
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