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Basic and clinical immunology

Rostrum

Factors that regulate naturally occurring
T regulatory cell–mediated suppression

Elena Goleva, PhD,a Ivan D. Cardona, MD,a Liang-Shiou Ou, MD,b and

Donald Y. M. Leung, MD, PhDa,c Denver, Colo, and Taoyuan, Taiwan
T regulatory (Treg) cells play a key role in the modulation of

allergic and autoimmune responses. This review will discuss

the factors that regulate naturally occurring Treg (nTreg)

cell–mediated suppression. The involvement of cytokines,

costimulatory molecules, and ligands on antigen-presenting

cells in the inhibition of nTreg cell–mediated suppression

in vitro is summarized. Understanding the events that control

suppressive function of nTreg cells will allow manipulation

of these cells to inhibit or enhance their functions in the

development of novel therapies for autoimmune and allergic

diseases. (J Allergy Clin Immunol 2005;116:1094-100.)

Key words: T regulatory cells, immune suppression, superantigens,

atopic dermatitis

CD41CD251 naturally occurring T regulatory (nTreg)
cells represent a population of T cells that are highly spe-
cialized for suppression of immune responses.1,2 A defi-
ciency in number and function of these cells can lead to
the development of autoimmune and inflammatory dis-
eases, including asthma.3-8 These cells are produced by
the normal thymus as a functionally distinct and mature
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population of T cells.9,10 Specific cell markers have been
identified that allow accurate isolation and manipulation
of nTreg cells in mice and human subjects (Table I).11

These advances have contributed greatly to our under-
standing of nTreg cell development and function.

Unraveling the events that control the suppressive func-
tion of nTreg cells is extremely important because it will
enable investigators to manipulate T regulatory (Treg)
cells to inhibit or enhance their functions as necessary.
Manipulation of these cells might have great therapeutic
benefit.4,12 For instance, it might be possible to specifically
suppress immune responses in autoimmune and allergic
disorders by improving activity of nTreg cells. Con-
versely, it could be possible to boost immunity required
for antimicrobial and antitumor responses by decreasing
suppressor function of nTreg cells (Fig 1).

Distinct from nTreg cells is a distinct population of
Treg cells that are induced in the periphery after encounter
with foreign antigens and pathogens.13 These inducible
Treg cells are defined by their cytokine profile, namely
Treg type 1 (TR1) cells that secrete high levels of IL-10
and TH3 cells that secrete high levels of TGF-b.

14 The cur-
rent review will focus on the mechanisms that control
nTreg suppressive function and highlight the molecules
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that play a role in loss of nTreg cell–mediated suppression,
including genetic mutations and environmental factors
that subvert nTreg cell activity.

PROPERTIES OF nTreg cells

nTreg cell function is typically analyzed by assessing
proliferation of responder CD41 T cells alone or in combi-
nation with CD41CD251 nTreg cells.15 It has been found
that nTreg cells are anergic in vitro and do not proliferate
or produce IL-2 in response to conventional T-cell stimuli,
such as anti-CD3, concanavlin A, or allogeneic splenic
antigen-presenting cells (APCs).11 In addition, anti-
CD3–stimulated nTreg cells suppress proliferation of
responder T cells.16 In contrast to inducible Treg cells,
this process is not IL-10 or TGF-b dependent because
nTreg cells from IL-10– or TGF-b–deficient mice effi-
ciently suppress proliferation of responder T cells.
Suppression, mediated by nTreg cells, requires T-cell re-
ceptor ligation and direct cell-cell contact or close range
mediators and is not APC dependent.1,15,16 These nTreg
cells target IL-2 production by responder T cells, thereby
inhibiting T-cell proliferation.17,18 The discovery that
nTreg cells constitutively express CD25 (IL-2 receptor
a chain), as well as specifically express the FoxP3 tran-
scriptional factor, which appears to be the key factor that
controls nTreg cell development and function, has
made isolation and characterization of these cells more
reliable (Table I).19 Recently, it has been found that poly-
clonally activated nTreg cells express granzymes (gran-
zyme A in human subjects20 and granzyme B in mice21)
and can suppress proliferation of effector T cells in a
granzyme-dependent cytolytic manner.20 This process
was found to be CD18 dependent in the human system.20

nTreg cells from perforin-deficient mice, however, effi-
ciently suppress proliferation of responder T cells, sug-
gesting that granzyme-mediated suppression is perforin
independent.21

TABLE I. Properties of nTreg cells

1. Thymic derived

2. Constitutively express:

a. IL-2Ra chain (CD25)

b. CTLA-4

c. GITR

3. 5%-10% of CD41 T cells in periphery

4. Express FoxP3 transcription factor gene

5. Anergic to in vitro stimulation with:

a. anti-CD3

b. antigen (ConA)

c. allogeneic splenic APC

6. Suppress autoreactive T-cell and CD41CD252 T effector cell

proliferation and cytokines

7. Suppressive function requires:

a. cell-cell contact

b. TCR ligation

c. cytokines?

8. Maintain peripheral self-tolerance

ConA, Conconavalin A; TCR, T-cell receptor.
INDIVIDUAL FACTORS THAT INFLUENCE
nTreg CELL ACTIVITY

There are several key molecules, including CD25
and FoxP3, whose deficiency or functional alteration
affects the generation or function of nTreg cells. Environ-
mental factors that regulate nTreg cell–mediated suppres-
sion are only starting to be understood but include
microbial superantigens. The involvement of cytokines,
costimulatory molecules, and ligands on APCs in the
inhibition of nTreg cell–mediated suppression in vitrowill
be discussed (Fig 1).

FoxP3

Recently, it has been shown that CD41CD251 nTreg
cells highly express the FoxP3 transcriptional factor.22

Furthermore, virally transduced FoxP3 can convert murine
naive T cells into regulatory cells, such that the cells pheno-
typically and functionally resemble naturally occurring
nTreg cells.23 Increased attention to the function of this
molecule and its importance for nTreg cells occurred after
identification of natural mutations in the gene encoding
FoxP3. Indeed,mutations inFoxP3 cause a fatal autoimmune
disorder known as immune dysregulation, polyendocrinop-
athy, enteropathy, X-linked (IPEX) in human subjects.
Onset of this disease starts early in life, with patients present-
ing with massive lymphoproliferation, insulin-dependent
diabetes mellitus, thyroiditis, eczema, enteropathy, and food
allergies. In addition, autoimmune pathologies, such as
hemolytic anemia, occur, as well as thrombocytopenia
and severe infections.24-27 An analogous disease was char-
acterized in a spontaneous mutant mouse, scurfy, which is
also caused by mutation in the FoxP3 gene.28,29

FoxP3 belongs to the family of transcriptional factors
that are characterized by the presence of winged helix-
forkhead DNA-binding domain (forkhead box [Fox]).
There is high homology between human, mouse, and rat
FoxP3, which suggests a conserved function for FoxP3.

FIG 1. Factors that influence nTreg properties. The left side of the

balance lists factors that are required for survival and suppressive

function of nTreg cells. The right side of the balance lists factors

that are known to inhibit nTreg suppressive function. Therapeutic

benefits might come from shifting the balance toward the left for

autoimmune and allergic disorders and shifting the balance

toward the right for improved antimicrobial and antitumor

responses. TCR, T-cell receptor.
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At present, although FoxP3 is predicted to be a transcrip-
tional repressor, little is known about the biochemical
pathways by which FoxP3 acts. A report by Bettelli
et al30 demonstrated that transgenic expression of FoxP3 in
conventional T cells inhibits endogenous cytokine expres-
sion driven by nuclear factor of activated T cells (NFAT)
and nuclear factor (NF) kB. FoxP3 physically associates
with the REL domain proteins of NFAT and NF-kB and
suppresses their transcriptional activity. In addition,
FoxP3-deficient T cells from scurfy mice have a dramatic
increase in NFAT andNF-kB transcriptional activity com-
pared with that seen in wild-type T cells.30 FoxP3 expres-
sion is thought to be regulated by the estrogen receptor,
which has a direct binding site in the promoter region of
FoxP3.31 It has been reported that TGF-b can induce
FoxP3 expression through activation of SMAD (small
mother against decapentaplegic) transcriptional factors.31

Interestingly, there are a growing number of reports
that show downregulation of FoxP3 mRNA and protein
expression by nTreg cells interferes with nTreg cell func-
tion, making these cells less efficient in the suppression of
inflammation.31-35 For instance, compared with that from
healthy control subjects, the thymus of patients with auto-
immune myasthenia gravis was found to have decreased
expression of FoxP3, which corresponds with a functional
defect in the regulatory activity of nTreg cells.32 In another
study looking at patients with myelopathy–tropical spastic
paraparesis caused by infection with the human T-cell
lymphotropic virus type 1 (HTLV-1), FoxP3 mRNA and
protein expression in nTreg cells was found to be lower
than in nTreg cells of healthy control subjects. The nTreg
cells of the patients with this disease demonstrated loss
of nTreg function.33 The virus-encoded transactivating
HTLV-1 tax gene was demonstrated to have a direct
inhibitory effect on FoxP3 expression and function of
CD41CD251 nTreg cells. This is the first report demon-
strating the role of a specific viral gene product (HTLV-1
Tax) on the expression of genes associated with nTreg
(in particular, FoxP3) resulting in inhibition of nTreg
function. These results suggest that direct human retroviral
infection of nTreg cells might be associated with the path-
ogenesis of HTLV-1–associated neurologic disease.33

IL-2

It has become clear that high expression of CD25 is not
only an identification marker of nTreg cells but is also
important for functional development of nTreg cells.
Experiments indicate that IL-2 is essential for nTreg cell
homeostasis.34 It is required for in vivo and in vitro activa-
tion of nTreg cells and for expression of CD25.35 IL-2–
deficient mice have reduced numbers of CD41CD251

nTreg cells in the thymus and periphery; these mice
experience fatal lymphoproliferative disorders with auto-
immune features.2 In addition, administration of IL-2–
neutralizing antibody to normal mice selectively reduces
the number of nTreg cells in the thymus and periphery,
resulting in the development of autoimmune disorders
similar to those produced by depletion of CD41CD251

nTreg cells.36
nTreg cells do not proliferate when stimulated with
anti-CD3 or antigens unless supplementedwith high doses
of IL-2. nTreg cells do not produce IL-2, but they need
IL-2 for survival.37,38 Activated T cells are the main
source of IL-2 for nTreg cells. Coculture experiments indi-
cate that nTreg cells compete with responder T cells for
IL-2.39 During coculture of nTreg cells with responder
T cells, nTreg cells upregulate CD25 expression, whereas
induction of CD25 expression on responder T cells is sup-
pressed. Upregulation of CD25 expression by nTreg cells
is inhibited by addition of anti-IL-2; addition of IL-2
restores CD25 expression on responder T cells, demon-
strating that IL-2 regulates the differential expression
of CD25.39 Therefore IL-2 mediates a feedback loop
between nTreg cells and responder T cells: IL-2 secreted
by responder T cells maintains and activates nTreg cells
(Fig 1), and nTreg cells in turn inhibit IL-2 production
by responder T cells.40

Although IL-2 and its receptor clearly play a critical
role in the homeostasis of nTreg cells, the contribution
of IL-2 to the suppressive function of nTreg cells is con-
sidered a controversial issue. The molecular basis for
suppression of T-cell activation by nTreg cells is inhibi-
tion of IL-2 gene transcription in CD41CD252 responder
T cells. On the other hand, addition of IL-2 or anti-CD28
abrogates CD41CD251-mediated suppression of proli-
feration and has been assumed to break suppression.
Recently it has been found that transcription of IL-2
mRNA remains fully suppressed in the presence of high
concentrations of exogenous IL-2, despite the prolif-
eration of both CD41CD251 and CD41CD252 cells.18

Thus abrogation of the anergic state of CD41CD251

nTreg cells does not break suppression, as previously
thought. Most importantly, addition of anti-IL-2 com-
pletely abrogates the suppressive effects of nTreg cells
on IL-2 mRNA transcription by responder T cells and
demonstrates that IL-2 is not only required for the homeo-
stasis of nTreg cells but is also required for the acquisition
of suppressor function.18

Glucocorticoid-induced TNF receptor-related
protein ligand and costimulatory molecules
from the TNF receptor superfamily

Recently, there has been increasing interest in the
role of glucocorticoid-induced TNF receptor-related pro-
tein (GITR) and its ligand (GITR-L) in the control of
nTreg cell activity. The costimulatory molecule GITR, a
member of the TNF receptor superfamily, was originally
identified and cloned by comparing untreated and dex-
amethasone-treated murine T-cell hybridoma cells.41 The
authors found that the GITR gene could be induced in
T cells during T-lymphocyte activation and by treatment
with dexamethasone. In addition, the GITR gene was
found to have a T-cell antiapoptotic effect when T cells
were treated with anti-CD3 mAb. These results were
later confirmed in the human model when the human
GITR and its ligand were isolated by 2 separate groups
and found to inhibit T-cell apoptosis by inducing
NF-kB activation.42,43
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GITR has been found to be a constitutively expressed
marker for nTreg cells, but it is also upregulated on con-
ventional activated CD41 T cells (Table I).44 Blocking
GITR with an anti-mouse GITR mAb is able to inhibit
nTreg cell suppression in vitro,45,46 and its injection into
mice leads to the induction of autoimmunity in vivo.46

Originally, it was presumed that triggering of GITR on
the surface of nTreg cells transmits a suppression-blocking
signal to these cells.46 Recent data suggest instead that
ligation of GITR on activated responder T cells, and not
on nTreg cells, renders them resistant to suppression.47

Of interest, it was noted that triggering of GITR substan-
tially inhibited granzyme B production by nTreg cells.21

The natural ligand for GITR has been cloned recently.43

It was found that the soluble recombinant form of mouse
GITR-L induces GITR-dependent NF-kB activation and
blocks in vitro suppression mediated by nTreg cells.48

GITR-L upregulates IL-2 secretion by activated responder
T cells and in the presence of IL-2 breaks the anergic
state of nTreg cells. It was found that although soluble
GITR-L was able to block nTreg cell–mediated suppres-
sion, its functional capability was substantially enhanced
by cross-linking of GITR–GITR-L complexes,48 sug-
gesting that natural scaffolding of GITR-L on the cell
surface could be a mechanism for sufficient engagement
of GITR.

An active area of research is extending the data on the
role of GITR-L reversing suppression in the murine
system to human subjects. If in vivo studies prove that
GITR–GITR-L interactions can break Treg cell suppres-
sive activity, then the potential for blocking this signaling
pathway could lead to treatment of inflammatory condi-
tions.49 In this regard more than 90% of atopic dermatitis
lesions are colonizedwith Staphylococcal aureus, with the
severity of skin inflammation correlating with the density
of colonization with superantigen-secreting bacteria.50,51

In addition, recent evidence demonstrates that superanti-
gens subvert Treg cells in atopic dermatitis,52 but the
mechanism by which this occurs is unknown. A recent
report by Cardona et al53 shows that staphylococcal enter-
otoxin B subverts naturally occurring nTreg cell activity
through mechanisms that require direct cell-cell contact
between monocyte APCs and nTreg cells. Staphylococcal
enterotoxin B induces GITR-L expression on the surface
of monocytes. When GITR-L activity was neutralized
with a blocking antibody, nTreg cell suppressive activity
was restored, despite the presence of superantigen.53

The data above suggest that relative distribution patterns
of GITR on activated responder T cells and nTreg cells
and of GITR-L on APCs represent a complex dynamic
interaction that modulates the activity of nTreg cells.
Note as well that several other TNF receptor superfamily
members (4-1BB and OX40) have also been shown to
influence the suppressor function of nTreg cells.54,55

CD28, cytotoxic T lymphocyte–associated
antigen 4, and B7 family proteins

In terms of percentage and number, CD28 is critical for
thymic generation of nTreg cells, as well as for their
renewal and survival in the periphery.56 The number of
CD41CD251 nTreg cells is substantially reduced in the
thymus and periphery of CD28- or B7-deficient mice.
Deficiency in CD28 and B7 molecules alters activation
of conventional T cells, thereby resulting in lower levels
of IL-2 production. This in turn controls nTreg cells
and their proliferation status.16 On the other hand, strong
in vitro ligation of CD28, together with T-cell receptor
stimulation, abrogates anergy and suppressor function of
nTreg cells and induces their proliferation, presumably
by stimulating the production of endogenous IL-2.15

CD80 and CD86 are also essential in nTreg-mediated
suppression. During T-cell responses to alloantigens
expressed on dendritic cells, antibodies against CD86
potently enhance suppression mediated by CD41CD251

nTreg cells. In contrast, blocking CD80 enhanced proli-
ferative responses by impairing nTreg cell suppression.
Intriguingly, the relative expression levels of CD80 and
CD86 on dendritic cells are modulated during progression
from an immature to mature state, and this correlates with
the ability of nTreg cells to suppress responses.57 Mature
CD86high dendritic cells trigger proliferation of nTreg
cells, attenuating their suppressor function, and provoke
effective immune responses to microorganisms.58,59

nTreg cells constitutively express cytotoxic T lympho-
cyte–associated antigen 4 (CTLA-4), whereas other types
of T cells express it only after activation (Table I). It has
been shown that blockade of CTLA-4 in vitro inhibits
nTreg cell–mediated suppression.60 Experiments suggest
that CTLA-4 is required as a costimulatory signal to exert
suppression by nTreg cells. Another attractive hypothesis
is that CTLA-4 in nTreg cells directly mediates suppres-
sion: ligation of CTLA-4 with CD80, CD86, or both on
dendritic cells triggers induction of the enzyme indola-
mine 2,3-dioxygenase, which catalyses tryptophan into
kynurine and other metabolites that have potent immuno-
suppressive effects in the local environment of nTreg
cells.61,62 In addition, it has been proposed that CTLA-4
(on nTreg cells) directly ligates CD80 or CD86, which
are expressed by responder T cells, leading to suppression
of responder T-cell proliferation. On the basis of these
observations, an ‘‘outside-in’’ theory of nTreg cell–medi-
ated suppression has been proposed in which nTreg cells
(‘‘outside,’’ expressing CTLA-4) and responder T cells
(‘‘outside,’’ expressing CD80/86) interact by meeting at
an APC (‘‘inside’’). This facilitates binding of nTreg
cell-surface CTLA-4 with CD80, CD86, or both on acti-
vated T cells, thus preventing responder T cells from
further activation.16,63

ENVIRONMENTAL FACTORS THAT
MODULATE nTreg CELL ACTIVITY

Viruses, bacteria, and Toll-like receptors

The amount and type of pathogenmight dictate whether
nTreg cell suppressive function is favored. For instance,
studies involving commensal gut bacteria have shown
that nTreg cells are crucial in maintaining gastrointestinal
homeostasis.When naive T-cell populations lacking nTreg
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cells were transferred to T cell–deficient mice, significant
gut inflammation occurred. Thus pathogens that enhance
nTreg cell function could serve to dampen the immune
response and consequentlymaintain pathogen survival and
possibly long-term persistence, as in hepatitis C infection
and Helicobacter pylori infection.64,65 In the case of HIV,
induction of nTreg cell activity might serve to temper a
deleterious immune response. For example, HIV-infected
patients with strong HIV-specific nTreg cell activity
in vitro demonstrated significantly lower levels of plasma
viremia and higher CD4 to CD8 ratios than patients with
lower levels of nTreg activity.66

In contrast to the examples above, sometimes microbial
products might serve to dysregulate nTreg cell function to
boost pathogen-directed immune responses. For instance,
Toll-like receptors (TLRs) have been reported to control
nTreg suppressor function as well.67,68 It was found that
polyclonal activation of nTreg cells in the presence of
APCs that had been activated through TLRs by LPS or
CpGs does not suppress the proliferation of naive T cells
in vitro.68 Supernatants from TLR–activated APCs make
T cells resistant to suppression. IL-6 has been identified
as one of the essential components that interferes with
nTreg cell–mediated suppression, rendering responder
T cells resistant to suppression and thus allowing response
of cells to the invadingmicrobes.68 nTreg cells themselves
have been reported to express TLR-4.69 In vitro stimu-
lation of nTreg cells with high doses of LPS induces
their proliferation and augments their suppressive
activity.69

Unlike LPS,68 which might serve to inhibit nTreg cell
function to boost pathogen-directed immune responses,
staphylococcal superantigens seem to exert a different
effect on nTreg cell activity than pathogen-associated
molecular patterns recognized by TLR.52,53 In a recent
study by Ou et al52 that characterized the function of
nTreg cells in patients with atopic dermatitis, it was found
that stimulation of nTreg cells with the superantigen staph-
ylococcal enterotoxin B resulted in abrogation of nTreg
cell function, breaking their anergy and inhibiting their
suppressor function. These data suggest that superantigen-
mediated subversion of nTreg functions might potentially
enhance skin inflammation in atopic dermatitis. The
clinical presentation of these patients, however, suggests
an overactivation of the immune system rather than a
pathogen-directed immune response.50,51 Interestingly,
although the soluble factor IL-6 was shown to interfere
with nTreg cell–mediated suppression after LPS-induced
activation of the Toll pathway, recombinant IL-6 alone
or together with MyD882/2 dendritic cells, conditioned
media, despite LPS stimulation, did not lead to blockade
of suppression, and nTreg cell–mediated suppression was
efficient.68 Thus the authors proposed that IL-6 has to
act synergistically with another TLR-induced signal for
efficient blockade of nTreg cell function. This missing
factor could be GITR-L because it has been shown that
LPS transiently upregulates GITR-L in murine macroph-
ages70 and superantigens transiently upregulate GITR-L
in human monocytes.53
Corticosteroids

If the goal one day is to treat allergic and autoimmune
diseases by clinically manipulating the factors that regu-
late nTreg suppressive activity, it will likely occur in
conjunction with corticosteroids. With this in mind, 2
groups recently investigated the effects of corticosteroids
on Treg cells. Dao Nguyen and Robinson71 found that
fluticasone propionate increases nTreg cell suppression
of allergen-stimulated T effector cells by means of an
IL-10–dependent mechanism. These findings corrobo-
rated the results of Karagiannidis et al,72 who focused on
the effects of inhaled or systemic glucocorticoids on in-
ducible T regulatory cells. They found that FoxP3
mRNA expression both correlated with IL-10 mRNA
expression and was significantly induced in asthmatic
patients receiving either glucocorticoid treatment.72 Thus
evidence suggests that corticosteroids inhibit T-cell acti-
vation by multiple mechanisms,73 one of which is through
induction of Treg cells.

CONCLUSIONS AND FUTURE DIRECTIONS

In the past few years, there has been an increase in the
number of publications on the topic of Treg cells, with a
specific focus on understanding the factors that affect their
suppressive function. These factors can be summarized by
the following. The key molecule for the development and
function of nTreg cells is FoxP3.9 A mutation in this tran-
scription factor gene is the cause of IPEX disease, the first
human disease described that is caused by a direct dys-
function of nTreg cells.26 The murine model has shown
that IL-2 is another essential molecule necessary for the
survival and homeostasis of nTreg cells.34,37,38 Similar
to IL-2, studies have shown that CD28 is critical for
the survival of nTreg cells, and like FoxP3, CD28 is nec-
essary for the thymic development of nTreg cells.56 Strong
in vitro ligation of CD28 subverts nTreg suppressive func-
tion.15 Ligation of GITR on T effector cells by GITR-L
renders them resistant to nTreg suppression, forming
another mechanism by which nTreg suppressive activity
is abrogated.47 The interplay between the costimulatory
molecules CTLA-4, CD80, and CD86 also seems to be
important for the suppressive function of nTreg cells.57-60

Factors in the environment, such as viral and microbial
products, have been implicated to modulate nTreg cell
activity (eg, HIV, LPS, and superantigens).52,66,68

Interestingly, one of the most used classes of medications,
corticosteroids, was recently found to have the ability to
induce Treg suppression.71,72

The hope is that one day all or some of these factors
discussed above that influence nTreg cell–mediated sup-
pression would be exploited for potential therapeutic
applications. Finding ways to turn on Treg cells in
autoimmune diseases that have known defects in Treg
function, such as multiple sclerosis and autoimmune
polyglandular syndrome type II,74,75 or poor expression
of FoxP3, such as IPEX disease, will hopefully lead to
new therapeutic options. Indeed, the FoxP3-deficient
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mouse is highly allergic and highlights the importance of
FoxP3 and Treg cells in controlling allergic disease (see
article by Chatila76). Moreover, the importance of
environmental factors that might augment allergic inflam-
mation, such as staphylococcal superantigen subversion
of nTreg activity,52 will hopefully lead to further studies
on superantigen-driven diseases. Perhaps neutralizing
GITR-L activity could block this from occurring.53

Finally, although not discussed in this article, inducible
Treg cells have already been shown to be important in
the mechanism behind immunotherapy, as well as in
amelioration of airway hyperresponsiveness and allergic
airway inflammation (see article by Chatila76). This
knowledge, coupled with the factors reviewed in this
article, might one day lead to preventive and therapeutic
vaccines that induce Treg activity in allergic and auto-
immune diseases.

The experimental data summarized in this review,
along with future investigations, will form the foundation
for translatable and clinically useful manipulations of
Treg cell function in human subjects. The use of nTreg
cells as a therapeutic strategy will require a thorough
understanding of the factors that influence nTreg cell–
mediated suppression.

We thank Maureen Sandoval for her assistance in the preparation

of this manuscript.

REFERENCES

1. Umetsu DT, Akbari O, Dekruyff RH. Regulatory T cells control the

development of allergic disease and asthma. J Allergy Clin Immunol

2003;112:480-7.

2. Chinen J, Shearer WT. Advances in asthma, allergy and immunology

series 2004: basic and clinical immunology. J Allergy Clin Immunol

2004;114:398-405.

3. Shevach EM. CD41 CD251 suppressor T cells: more questions than

answers. Nat Rev Immunol 2002;2:389-400.

4. Romagnani S. Immunologic influences on allergy and the TH1/TH2

balance. J Allergy Clin Immunol 2004;113:395-400.

5. Nelson HS. Advances in upper airway diseases and allergen immuno-

therapy. J Allergy Clin Immunol 2004;113:635-42.

6. Till SJ, Francis JN, Nouri-Aria K, Durham SR. Mechanisms of immuno-

therapy. J Allergy Clin Immunol 2004;113:1025-34.

7. Larche M, Robinson DS, Kay AB. The role of T lymphocytes in the

pathogenesis of asthma. J Allergy Clin Immunol 2003;111:450-63.

8. Paust S, Cantor H. Regulatory T cells and autoimmune disease. Immunol

Rev 2005;204:195-207.

9. Fontenot JD, Rudensky AY. A well adapted regulatory contrivance:

regulatory T cell development and the forkhead family transcription

factor Foxp3. Nat Immunol 2005;6:331-7.

10. Sakaguchi S. Naturally arising CD41 regulatory T cells for immunologic

self-tolerance and negative control of immune responses. Annu Rev Im-

munol 2004;22:531-62.

11. Fehervari Z, Sakaguchi S. CD41 Tregs and immune control. J Clin

Invest 2004;114:1209-17.

12. Frew AJ. Immunotherapy of allergic disease. J Allergy Clin Immunol

2003;111(suppl):S712-9.

13. Mills KH. Regulatory T cells: friend or foe in immunity to infection?

Nat Rev Immunol 2004;4:841-55.

14. Akdis M, Blaser K, Akdis CA. T regulatory cells in allergy: novel

concepts in the pathogenesis, prevention, and treatment of allergic

diseases. J Allergy Clin Immunol 2005;116:961-8.

15. Shevach EM, McHugh RS, Piccirillo CA, Thornton AM. Control of

T-cell activation by CD41 CD251 suppressor T cells. Immunol Rev

2001;182:58-67.
16. von Boehmer H. Mechanisms of suppression by suppressor T cells.

Nat Immunol 2005;6:338-44.

17. Thornton AM, Piccirillo CA, Shevach EM. Activation requirements

for the induction of CD41CD251 T cell suppressor function. Eur J

Immunol 2004;34:366-76.

18. Thornton AM, Donovan EE, Piccirillo CA, Shevach EM. Cutting edge:

IL-2 is critically required for the in vitro activation of CD41CD251

T cell suppressor function. J Immunol 2004;172:6519-23.

19. Yagi H, Nomura T, Nakamura K, Yamazaki S, Kitawaki T, Hori S, et al.

Crucial role of FOXP3 in the development and function of human

CD251CD41 regulatory T cells. Int Immunol 2004;16:1643-56.

20. Grossman WJ, Verbsky JW, Barchet W, Colonna M, Atkinson JP, Ley

TJ. Human T regulatory cells can use the perforin pathway to cause

autologous target cell death. Immunity 2004;21:589-601.

21. Gondek DC, Lu LF, Quezada SA, Sakaguchi S, Noelle RJ. Cutting edge:

contact-mediated suppression by CD41CD251 regulatory cells involves

a granzyme B-dependent, perforin-independent mechanism. J Immunol

2005;174:1783-6.

22. Ochs HD, Ziegler SF, Torgerson TR. FOXP3 acts as a rheostat of the

immune response. Immunol Rev 2005;203:156-64.

23. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell develop-

ment by the transcription factor Foxp3. Science 2003;299:1057-61.

24. Wildin RS, Ramsdell F, Peake J, Faravelli F, Casanova JL, Buist N, et al.

X-linked neonatal diabetes mellitus, enteropathy and endocrinopathy

syndrome is the human equivalent of mouse scurfy. Nat Genet 2001;

27:18-20.

25. Gambineri E, Torgerson TR, Ochs HD. Immune dysregulation, poly-

endocrinopathy, enteropathy, and X-linked inheritance (IPEX), a syndrome

of systemic autoimmunity caused by mutations of FOXP3, a critical

regulator of T-cell homeostasis. Curr Opin Rheumatol 2003;15:430-5.

26. Chatila TA, Blaeser F, Ho N, Lederman HM, Voulgaropoulos C, Helms C,

et al. JM2, encoding a fork head-related protein, is mutated in X-linked

autoimmunity-allergic disregulation syndrome. J Clin Invest 2000;106:

R75-81.

27. Bennett CL, Christie J, Ramsdell F, BrunkowME, Ferguson PJ, Whitesell

L, et al. The immune dysregulation, polyendocrinopathy, enteropathy,

X-linked syndrome (IPEX) is caused by mutations of FOXP3. Nat Genet

2001;27:20-1.

28. Brunkow ME, Jeffery EW, Hjerrild KA, Paeper B, Clark LB, Yasayko

SA, et al. Disruption of a new forkhead/winged-helix protein, scurfin,

results in the fatal lymphoproliferative disorder of the scurfy mouse.

Nat Genet 2001;27:68-73.

29. Schubert LA, Jeffery E, Zhang Y, Ramsdell F, Ziegler SF. Scurfin

(FOXP3) acts as a repressor of transcription and regulates T cell activa-

tion. J Biol Chem 2001;276:37672-9.

30. Bettelli E, Dastrange M, Oukka M. Foxp3 interacts with nuclear factor of

activated T cells and NF-kB to repress cytokine gene expression and

effector functions of T helper cells. Proc Natl Acad Sci U S A 2005;

102:5138-43.

31. Coffer PJ, Burgering BM. Forkhead-box transcription factors and their

role in the immune system. Nat Rev Immunol 2004;4:889-99.

32. Balandina A, Lecart S, Dartevelle P, Saoudi A, Berrih-Aknin S.

Functional defect of regulatory CD4(1)CD251 T cells in the thymus

of patients with autoimmune myasthenia gravis. Blood 2005;105:735-41.

33. Yamano Y, Takenouchi N, Li HC, Tomaru U, Yao K, Grant CW, et al.

Virus-induced dysfunction of CD4(1)CD25(1) T cells in patients with

HTLV-I-associated neuroimmunological disease. J Clin Invest 2005;

115:1361-8.

34. Pop SM, Wong CP, Culton DA, Clarke SH, Tisch R. Single cell analysis

shows decreasing FoxP3 and TGFb1 coexpressing CD41CD251 re-

gulatory T cells during autoimmune diabetes. J ExpMed 2005;201:1333-46.

35. Karube K, Ohshima K, Tsuchiya T, Yamaguchi T, Kawano R, Suzumiya

J, et al. Expression of FoxP3, a key molecule in CD4CD25 regulatory

T cells, in adult T-cell leukaemia/lymphoma cells. Br J Haematol

2004;126:81-4.

36. Setoguchi R, Hori S, Takahashi T, Sakaguchi S. Homeostatic mainte-

nance of natural Foxp3(1) CD25(1) CD4(1) regulatory T cells by

interleukin (IL)-2 and induction of autoimmune disease by IL-2 neutral-

ization. J Exp Med 2005;201:723-35.

37. Bensinger SJ, Walsh PT, Zhang J, Carroll M, Parsons R, Rathmell JC,

et al. Distinct IL-2 receptor signaling pattern in CD41CD251 regulatory

T cells. J Immunol 2004;172:5287-96.



J ALLERGY CLIN IMMUNOL

NOVEMBER 2005

1100 Goleva et al

B
a
sic

a
n
d
clin

ica
lim

m
u
n
o
lo
g
y

38. Su L, Creusot RJ, Gallo EM, Chan SM, Utz PJ, Fathman CG, et al.

Murine CD41CD251 regulatory T cells fail to undergo chromatin

remodeling across the proximal promoter region of the IL-2 gene.

J Immunol 2004;173:4994-5001.

39. de la Rosa M, Rutz S, Dorninger H, Scheffold A. Interleukin-2 is essen-

tial for CD41CD251 regulatory T cell function. Eur J Immunol 2004;

34:2480-8.

40. Scheffold A, Huhn J, Hofer T. Regulation of CD4(1)CD25(1) regula-

tory T cell activity: it takes (IL-)two to tango. Eur J Immunol 2005;35:

1336-41.

41. Nocentini G, Giunchi L, Ronchetti S, Krausz LT, Bartoli A, Moraca R,

et al. A new member of the tumor necrosis factor/nerve growth factor

receptor family inhibits T cell receptor-induced apoptosis. Proc Natl

Acad Sci U S A 1997;94:6216-21.

42. Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT,

et al. Identification of a new member of the tumor necrosis factor family

and its receptor, a human ortholog of mouse GITR. Curr Biol 1999;9:

215-8.

43. Kwon B, Yu KY, Ni J, Yu GL, Jang IK, Kim YJ, et al. Identification of a

novel activation-inducible protein of the tumor necrosis factor receptor

superfamily and its ligand. J Biol Chem 1999;274:6056-61.

44. Kanamaru F, Youngnak P, Hashiguchi M, Nishioka T, Takahashi T,

Sakaguchi S, et al. Costimulation via glucocorticoid-induced TNF

receptor in both conventional and CD251 regulatory CD41 T cells.

J Immunol 2004;172:7306-14.

45. McHugh RS, Whitters MJ, Piccirillo CA, Young DA, Shevach EM,

Collins M, et al. CD4(1)CD25(1) immunoregulatory T cells: gene

expression analysis reveals a functional role for the glucocorticoid-

induced TNF receptor. Immunity 2002;16:311-23.

46. Shimizu J, Yamazaki S, Takahashi T, Ishida Y, Sakaguchi S. Stimulation

of CD25(1)CD4(1) regulatory T cells through GITR breaks immuno-

logical self-tolerance. Nat Immunol 2002;3:135-42.

47. Stephens GL, McHugh RS, Whitters MJ, Young DA, Luxenberg D,

Carreno BM, et al. Engagement of glucocorticoid-induced TNFR family-

related receptor on effector T cells by its ligand mediates resistance to

suppression by CD41CD251 T cells. J Immunol 2004;173:5008-20.

48. Ji HB, Liao G, Faubion WA, Abadia-Molina AC, Cozzo C, Laroux FS,

et al. Cutting edge: the natural ligand for glucocorticoid-induced TNF

receptor-related protein abrogates regulatory T cell suppression. J Immu-

nol 2004;172:5823-7.

49. Kwon B, Kim BS, Cho HR, Park JE, Kwon BS. Involvement of tumor

necrosis factor receptor superfamily(TNFRSF) members in the patho-

genesis of inflammatory diseases. Exp Mol Med 2003;35:8-16.

50. Leyden JJ, Marples RR, Kligman AM. Staphylococcus aureus in the

lesions of atopic dermatitis. Br J Dermatol 1974;90:525-30.

51. Leung DY, Boguniewicz M, Howell MD, Nomura I, Hamid QA. New

insights into atopic dermatitis. J Clin Invest 2004;113:651-7.

52. Ou LS, Goleva E, Hall C, Leung DY. T regulatory cells in atopic derma-

titis and subversion of their activity by superantigens. J Allergy Clin

Immunol 2004;113:756-63.

53. Cardona ID, Ou LS, Goleva E, Leung DYM. Superantigens (SAgs) sub-

vert T regulatory (Treg) cell activity by inducing expression of GITR-L

on monocytes. J Allergy Clin Immunol 2005;115(suppl):S271.

54. Choi BK, Bae JS, Choi EM, Kang WJ, Sakaguchi S, Vinay DS, et al.

4-1BB-dependent inhibition of immunosuppression by activated CD41

CD251 T cells. J Leukoc Biol 2004;75:785-91.

55. Valzasina B, Guiducci C, Dislich H, Killeen N, Weinberg AD, Colombo

MP. Triggering of OX40 (CD134) on CD41CD251 T cells blocks their

inhibitory activity: a novel regulatory role for OX40 and its comparison

with GITR. Blood 2005;105:2845-51.

56. Tang Q, Henriksen KJ, Boden EK, Tooley AJ, Ye J, Subudhi SK, et al.

Cutting edge: CD28 controls peripheral homeostasis of CD41CD251

regulatory T cells. J Immunol 2003;171:3348-52.
57. Zheng Y, Manzotti CN, Liu M, Burke F, Mead KI, Sansom DM. CD86

and CD80 differentially modulate the suppressive function of human

regulatory T cells. J Immunol 2004;172:2778-84.

58. Yamazaki S, Iyoda T, Tarbell K, Olson K, Velinzon K, Inaba K, et al.

Direct expansion of functional CD251 CD41 regulatory T cells by

antigen-processing dendritic cells. J Exp Med 2003;198:235-47.

59. Fehervari Z, Sakaguchi S. Control of Foxp31 CD251CD41 regulatory

cell activation and function by dendritic cells. Int Immunol 2004;16:

1769-80.

60. Manzotti CN, Tipping H, Perry LC, Mead KI, Blair PJ, Zheng Y, et al.

Inhibition of human T cell proliferation by CTLA-4 utilizes CD80 and

requires CD251 regulatory T cells. Eur J Immunol 2002;32:2888-96.

61. Mellor AL, Munn DH. IDO expression by dendritic cells: tolerance and

tryptophan catabolism. Nat Rev Immunol 2004;4:762-74.

62. Fallarino F, Grohmann U, Hwang KW, Orabona C, Vacca C, Bianchi R,

et al. Modulation of tryptophan catabolism by regulatory T cells. Nat

Immunol 2003;4:1206-12.

63. Paust S, Lu L, McCarty N, Cantor H. Engagement of B7 on effector

T cells by regulatory T cells prevents autoimmune disease. Proc Natl

Acad Sci U S A 2004;101:10398-403.

64. Sugimoto K, Ikeda F, Stadanlick J, Nunes FA, Alter HJ, Chang KM.

Suppression of HCV-specific T cells without differential hierarchy

demonstrated ex vivo in persistent HCV infection. Hepatology 2003;38:

1437-48.

65. Lundgren A, Stromberg E, Sjoling A, Lindholm C, Enarsson K, Edebo

A, et al. Mucosal FOXP3-expressing CD41 CD25high regulatory

T cells in Helicobacter pylori-infected patients. Infect Immun 2005;

73:523-31.

66. Kinter AL, Hennessey M, Bell A, Kern S, Lin Y, Daucher M, et al.

CD25(1)CD4(1) regulatory T cells from the peripheral blood of asymp-

tomatic HIV-infected individuals regulate CD4(1) and CD8(1)

HIV-specific T cell immune responses in vitro and are associated with

favorable clinical markers of disease status. J Exp Med 2004;200:331-43.

67. Pasare C, Medzhitov R. Toll-dependent control mechanisms of CD4

T cell activation. Immunity 2004;21:733-41.

68. Pasare C, Medzhitov R. Toll pathway-dependent blockade of CD41

CD251 T cell-mediated suppression by dendritic cells. Science 2003;

299:1033-6.

69. Caramalho I, Lopes-Carvalho T, Ostler D, Zelenay S, Haury M,

Demengeot J. Regulatory T cells selectively express toll-like receptors

and are activated by lipopolysaccharide. J Exp Med 2003;197:403-11.

70. Tone M, Tone Y, Adams E, Yates SF, Frewin MR, Cobbold SP, et al.

Mouse glucocorticoid-induced tumor necrosis factor receptor ligand

is costimulatory for T cells. Proc Natl Acad Sci U S A 2003;100:

15059-64.

71. DaoNguyenX,RobinsonDS. Fluticasone propionate increasesCD4CD25

T regulatory cell suppression of allergen-stimulated CD4CD25 T cells

by an IL-10-dependent mechanism. J Allergy Clin Immunol 2004;114:

296-301.

72. Karagiannidis C, Akdis M, Holopainen P, Woolley NJ, Hense G,

Ruckert B, et al. Glucocorticoids upregulate FOXP3 expression and

regulatory T cells in asthma. J Allergy Clin Immunol 2004;114:1425-33.

73. Leung DY, Bloom JW. Update on glucocorticoid action and resistance.

J Allergy Clin Immunol 2003;111:3-22.

74. Viglietta V, Baecher-Allan C, Weiner HL, Hafler DA. Loss of functional

suppression by CD41CD251 regulatory T cells in patients with multiple

sclerosis. J Exp Med 2004;199:971-9.

75. Kriegal MA, Lohman T, Gabler C, Blank N, Kalden JR, Lorenz HM.

Defective suppressor function of human CD41CD251 regulatory

T cells in autoimmune polyglandular syndrome type II. J Exp Med 2004;

199:1285-91.

76. Chatila TA. Role of regulatory T cells in human diseases. J Allergy Clin

Immunol 2005;116:949-59.


	Factors that regulate naturally occurring T regulatory cell-mediated suppression
	Properties of nTreg cells
	Individual factors that influence nTreg cell activity
	FoxP3
	IL-2
	Glucocorticoid-induced TNF receptor-related protein ligand and costimulatory molecules from the TNF receptor superfamily
	CD28, cytotoxic T lymphocyte-associated antigen 4, and B7 family proteins

	Environmental factors that modulate nTreg cell activity
	Viruses, bacteria, and Toll-like receptors
	Corticosteroids

	Conclusions and Future Directions
	References


