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Foxp3ⴙ regulatory T cells play a pivotal
role in maintaining self-tolerance and immune homeostasis. In the absence of
regulatory T cells, generalized immune
activation and multiorgan T cell–driven
pathology occurs. Although the phenomenon of immunologic control by Foxp3ⴙ
regulatory T cells is well recognized, the
comparative effect over different arms of
the immune system has not been thoroughly investigated. Here, we generated
a cohort of mice with a continuum of

regulatory T-cell frequencies ranging from
physiologic levels to complete deficiency.
This titration of regulatory T-cell depletion was used to determine how different
effector subsets are controlled. We found
that in vivo Foxp3ⴙ regulatory T-cell frequency had a proportionate relationship
with generalized T-cell activation and Th1
magnitude, but it had a surprising disproportionate relationship with Th2 magnitude. The asymmetric regulation was associated with efficient suppression of Th2

cells through additional regulations on
the apoptosis rate in Th2 cells and not
Th1 cells and could be replicated by
CTLA4-Ig or anti–IL-2 Ab. These results
indicate that the Th2 arm of the immune
system is under tighter control by regulatory T cells than the Th1 arm, suggesting
that Th2-driven diseases may be more
responsive to regulatory T-cell manipulation. (Blood. 2011;118(7):1845-1853)

Introduction
Foxp3⫹ Regulatory T cells (Tregs) are a key modulator of immune
system activation, with the ability to suppress the proliferation and
cytokine production of CD4⫹ and CD8⫹ T cells.1-3 Although Tregs
require Ag-specific stimulation for activation, after activation the
suppressive function acquired is Ag nonspecific.4 This allows Tregs
to act as a nonspecific rheostat on immune activation, decreasing
the rate of spontaneous effector T-cell activation and thereby
increasing dependence on pathogen-associated danger stimuli.5 As
such, Tregs not only prevent autoimmunity because of autoreactive
T cells6 but also reduce the activity of beneficial antipathogen7 and
antitumor8 responses.
The model of Tregs as indiscriminate suppressors is being
challenged by data showing surprisingly sophisticated molecular
underpinning of Treg suppression. Foxp3⫹ Tregs use different
molecular strategies to suppress T cells in different anatomical
locations and to control different effector subpopulations.9-14 On
the receiving end of immune tolerance, there is a growing body of
evidence that Th1 and Th2 cells have qualitative differences in
sensitivity to intrinsic regulation. For example, Th1 cells have
enhanced, and more rapid, activation-induced cell death (AICD).15
In Th1 cells, AICD is mediated by Fas-FasL signaling and
regulated by CD44,16,17 whereas in Th2 cells AICD is mediated by
granzyme B activity and regulated by VIP.18,19 Likewise, Th1 cells
are sensitive to endogenous galectin 1-induced cell death, whereas
Th2 cells are resistant because of differential sialylation.20 Because
Treg cells have been reported to use both granzyme B and galectin

1 as regulatory mediators,21 these intrinsic differences in Th1 and
Th2 cells have the potential to modulate basal suppression levels.
The possibility of asymmetric aggregate effects of Treg suppression on Th1 and Th2 populations is raised by the unusual and
distinct characteristics of immunodysregulation polyendocrinopathy enteropathy X-linked syndrome. In these persons, with mutations in FOXP3,22 Th2 cytokine production is exaggerated,22 and
severe autoimmunity is frequently coupled with allergic inflammation, atopy, eczema, food allergy, eosinophilic inflammation, and
elevated IgE.23 Likewise, in mice deficient in Foxp3⫹ T cells the
most substantial increases in immunoglobulin production are in the
Th2-associated isotypes of IgG1 and IgE and the greatest increase
in effector T-cell cytokine production occurs with IL-4.24 Partial
T-cell immunodeficiency diseases also frequently manifest with
Th2 dysregulation and are associated with restrictions in Treg
number, function, or repertoire.25 These characteristics are notable
because of the rarity of Th2 effector cells in the healthy context,
despite the high availability of Th2-inducing cytokines.26
Here, we investigate the possibility of an asymmetric effect of
Treg suppression by the generation of a quantitative titration
experiment in Treg-depleted mice. We demonstrate that Tregs do
indeed have differential aggregate effects over effector T-cell
subsets, and it is this asymmetry that quenches an otherwise
robust Th2 response in the healthy context. Furthermore, we find
that the asymmetry is associated with apoptosis induction of the
Th2, and not the Th1, response by Tregs and can be replicated
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in the absence of Tregs through substitution with CTLA-4 or
neutralization of IL-2.

Results
Induced activation of T cells proportional to Treg number

Methods
Mice
Foxp3DTR mice on the C57BL/6 background6 were analyzed at 8-12 weeks
of age. Doses of 0, 2.5, 5.0, 7.5, 10, or 20 g/kg diphtheria toxin (DT;
Sigma-Aldrich) were administrated intraperitoneally to Foxp3DTR mice on
days 0, 1, 3, and 6. BrdU (1 mg; Becton Dickinson) was administered daily
by the intraperitoneal route, from days 0 to 8. CTLA4-Ig (Abatacept;
Orencia) was delivered by intraperitoneal injection at 25 mg/kg on day 5.
CD4⫹ T cells from Foxp3GFP mice27 were purified by the mouse CD4⫹
T-cell enrichment kit (Stemcell) according to the manufacturer’s instructions and were adoptively transferred at 5 ⫻ 106 cells/mouse on day 7.
S4B6 anti–IL-2 Ab was injected intraperitoneally at 50 g/mouse per day
from days 0 to 8. On day 9, all mice were killed, and spleen and lymph
nodes were collected for analysis by ex vivo stimulation and intracellular
staining. All animal procedures were approved by the University of Leuven
Animal Ethics Committee.
Flow cytometry
Lymphocytes from pooled lymph nodes (cervical, mesenteric, axillary,
brachial) or spleen were surface stained for 20 minutes at 4°C with
anti–CD4-PE or PE-Cy5 (GK1.5; eBioscience), anti–CD44-PE-Cy5 (IM7;
eBioscience), and anti–B220-PE-Cy7 (RA3-6B2; eBioscience) before
fixation and permeabilization with the eBioscience Foxp3 staining kit. Cells
were then stained for 20 minutes at 4°C with anti–GFP-Alexa Fluor 488
(Invitrogen) and anti–Foxp3-APC (FJK-16s; eBioscience).
Ex vivo stimulation and cytokine staining
Lymphocytes were plated at 5 ⫻ 105 cells/well in 96-well tissue culture
plates (for Th1/Th2 staining) or at 4 ⫻ 106 cells/well in 24-well tissue
culture plates (for Ki67/Caspase staining) in complete RPMI containing
phorbol myristate acetate (50 ng/mL; Sigma-Aldrich), ionomycin
(500 ng/mL; Sigma-Aldrich), and GolgiStop (1/1000; Becton Dickinson)
and stimulated for 4-5 hours at 37°C. For activated Caspase 3 staining,
FITC-DEVD-FMK (Abcam) was added in the last hour of stimulation.
After stimulation, cells were surface stained and permeabilized as above,
before intracellular staining with anti–IFN␥-APC or PE-Cy7 (XMG1.2;
eBioscience), anti–IL-17A-APC (eBio17B7; eBioscience), anti–IL-4-PECy7 (BVD6-24G2; eBioscience), anti–IL-10-APC (JES5-16E3; eBioscience), and anti–Ki-67-PE (B56; Becton Dickinson). BrdU staining required
stimulated cells to be surface stained, fixed, and permeabilized with BrdU
Flow Kits (Becton Dickinson) and frozen for 12 hours at ⫺80°C in 10%
dimethyl sulfoxide 90% FBS. Cells were then thawed, refixed, and treated
with DNAse at room temperature for 30 minutes and stained as above for
intracellular markers and anti–BrdU-APC.

To investigate the relationship between Treg number and effector
T-cell activation and Th1 versus Th2 magnitude, we devised a
system to selectively introduce acute quantitative decreases in the
Foxp3⫹ Treg frequency. We used a knock-in mouse model in which
a human DT receptor (DTR)–GFP (green fluorescent protein)
fusion protein has been targeted into the Foxp3 locus (Foxp3DTR
mice).6 In this system, Foxp3-expressing cells can be traced by
GFP expression and are selectively depleted by the injection of DT.
The DT-DTR system was conducive to this purpose, because
toxicity at a level of 1 molecule per cell28 allows a limiting
concentration of DT to eliminate a proportion of the Treg population while leaving the remainder intact. Furthermore, in contrast to
partial Ab-mediated depletion strategies that can result in the
selective depletion of particular subsets, DT exerts identical
toxicity across all subpopulations.29
By administering a range of DT doses between 2.5 g/kg and
20 g/kg and taking advantage of stochastic variation in
depletion efficiency, we generated a cohort of mice with a
spectrum of Treg frequencies in the lymph nodes (Figure 1A-B).
Treatment with DT on days 0, 1, 3, and 6 proved to be conducive
to the generation of a stable intermediate Treg number out to day
9. Frequency distribution was relatively even, with the exception of an unstable range of Treg frequency at ⬃ 3%-7% of
CD4⫹ T cells. The bimodal distribution of Treg frequencies in
the 10-g/kg dose (⬎ 7% or ⬍ 3%) may suggest that this range
is unstable and that depletions in the 3%-7% range either show
recovery to ⬎ 7% or collapse to ⬍ 3%. Notably, surviving Tregs
at each point in the spectrum continue to express normal levels
of both Foxp3 and the DTR-GFP fusion protein (Figure 1B),
consistent with the expectation that the administration of
intermediate doses of DT introduces quantitative reductions but
not qualitative changes into the Treg population. Levels of
depletion in the lymph nodes and spleens showed a high
concordance rate (supplemental Figure 1A-B). The depletion of
Tregs in adult mice results in a strong autoreactive immune
response within 9 days of the initial DT treatment.6 To investigate general T-cell activation we measured CD44 expression on
CD4⫹ T cells. In the lymph nodes the proportion of CD44hi
CD4⫹ T cells showed an inverse correlation with the Treg
frequency (Figure 1C; supplemental Methods). A similar relationship was observed in the spleen (Methods Figure 1C). Together,
these results show the capacity of the Treg titration system to
induce decrements in Treg frequency that lead to proportionate
changes in the level of spontaneous T-cell activation in vivo.
Acute decrease in Treg frequency shows asymmetric control
over Th2 effector T cells

Statistical analysis
Direct comparisons of 2 groups were performed by unpaired Student t tests,
after an ANOVA analysis. The correlation between the percentage of
Foxp3⫹ cells and cytokine responses was analyzed with JMP 7.0 software
(SAS Institute). For each variable the relationship between the variable and
the percentage of Foxp3⫹ cells was tested by fitting to linear, exponential,
quadratic, and log models. The optimal model was selected with the
least-squares approach. Further details for statistical analysis of relationships between the variables are presented in supplemental Methods
(available on the Blood Web site; see the Supplemental Materials link at the
top of the online article).

The establishment of a titration curve of Treg depletion allowed the
measurement of effector T-cell subset response to acute loss of Treg
control. Th1-, Th2-, Th17-, and IL-10–producing effector subsets
were defined by the expression of IFN␥, IL-4, IL-17, and IL-10,
respectively. The null hypothesis was that the overall frequencies
of these subsets would increase with increasing Treg depletion (in
line with the increases observed in CD44⫹ T cells) but that their
relative contributions would not change.
As was observed with CD44 expression, the frequency of in
vivo–formed IFN␥-producing Th1 effector T cells increased
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Figure 1. Induction of T-cell activation proportional to titrated Treg depletion. Injection of limiting concentrations of DT resulted in a titration of Treg ablation in the lymph
nodes of Foxp3DTR mice. (A) Representative flow cytometric profiles of a titration series of Foxp3DTR mice injected with limiting DT, displaying the percentage of CD4⫹ T cells
positive for both Foxp3 and the DTR-GFP fusion protein. (B) Proportion of Foxp3⫹GFP⫹ Tregs among CD4⫹ T cells, 9 days after treatment with 0, 2.5, 5.0, 7.5, 10, and
20 g/kg DT (n ⫽ 4, 5, 9, 5, 8, 8). Diamonds represent individual mice, bars represent condition average. (C) The relationship between Treg numbers (within CD4⫹ T cells) and
expression of CD44 on CD4⫹Foxp3⫺ T cells. Diamonds represent individual mice, and the trend line represents the optimal model for relationship fitting with the use of the
least-squares approach.

proportionately with decreasing Treg frequency (Figure 2A-B;
supplemental Methods). The relation between Treg frequency
and the magnitude of the Th2 effector T-cell response, by
contrast, was markedly disproportionate, with minimal increases in Th2-cell frequency under mild decreases in Treg
frequency, but large-scale expansion of the Th2 response at
lower Treg frequencies (Figure 2A,C; supplemental Methods).
Relative to mice with normal Treg frequencies, mice completely
depleted of Tregs showed a 5-fold increase in Th1 cells versus a
20-fold increase in Th2 cells, with qualitative differences in the
Th1 versus Th2 accumulation response over intermediate Treg
frequencies (Figure 2D; supplemental Methods). The difference
in magnitude is because of reduced frequency of Th2 cells in
mice with normal Treg frequencies, whereby the typical Th2/
Th1 ratio is 1:5, compared with mice completely depleted of
Tregs, whereby numerical parity is approached (Figure 2E).
There was no evidence of plateau effects, because at no point did
the rate of increase in Th1 or Th2 frequency begin to decline
with further Treg depletion. Unlike Th1 and Th2 responses, the
frequency of Th17- and IL-10–producing cells were relatively
insensitive to Treg loss (supplemental Figure 2). Cytokine
production in the lymph nodes was highly correlated with
cytokine production in the spleen (supplemental Figure 3),
which also showed a skewing toward Th2 bias as Treg frequency
was reduced (supplemental Figure 4).
The progressive change in Th2/Th1 ratio as Tregs are removed
shows that Tregs not only control the magnitude of T-cell activity
but also modulate the “default” effector bias by selectively
silencing Th2 cells. To assess the kinetic properties of this selective
suppression of the Th2 response, Foxp3DTR Ly5.1 congenic mice

were fully depleted of Tregs with a high dose of DT. DT-resistant
Tregs were restored to the system on day 7, by the injection of
purified CD4⫹ T cells from Foxp3GFP Ly5.2 mice. Day 7 Treg
treatment of Treg-depleted mice had no effect on the magnitude of
T-cell activation, as assessed by cellularity (Figure 3A; supplemental Figure 5A) or CD44 expression (Figure 3B; supplemental
Figure 5B). When the extent of the Th1 and Th2 responses within
the original host cells (Ly5.1⫹) were measured on day 9, Treg
treatment on day 7 was insufficient to reverse the increase in the
Th1 response; however, it was strikingly effective at reducing the
Th2 response (Figure 3C; supplemental Figure 5C).
Cellular and molecular basis for Treg control over the
magnitude and bias of the effector response

The rapid and specific collapse of Th2 responses within 2 days
of Treg reconstitution provides an independent demonstration of
asymmetric regulation of Th1 and Th2 cells by Tregs and shows
distinct kinetic patterns for Treg control over magnitude and
effector bias. To investigate the cellular mechanisms by which
Tregs have this asymmetric influence, the proliferation and
apoptosis of Th1 and Th2 subsets were measured in the presence
and absence of Tregs in vivo. Proliferation was measured with
both BrdU incorporation (Figure 4A) and Ki67 expression
(Figure 4B). Proliferation rates of effector T cells in a wild-type
host were low, with little to no difference detected between the
Th1 and Th2 subsets. After complete Treg depletion for 9 days,
the percentage of cells showing evidence of proliferation rose
substantially among both subsets: ⬃ 2-fold by BrdU incorporation and ⬃ 5-fold by Ki67 expression (Figure 4A-B). These data
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Figure 2. Asymmetric accumulation of Th1 and Th2 cells after titrated Treg depletion. Effector CD4⫹ T cells from the lymph nodes of DT-treated Foxp3DTR mice were
assessed for the production of IFN␥ and IL-4. (A) Representative flow cytometric profiles showing staining for CD44 and IFN␥ (top) and CD44 and IL-4 (bottom), by CD4⫹
Foxp3⫺ T cells. Numbers at the top left of each panel represent the percentage of cells in each quadrant. (B-C) The relationship between Treg frequency and (B) IFN␥
production or (C) IL-4 production by CD4⫹CD44hiFoxp3⫺ T cells. (D) The relationship between Treg frequency and the fold-change in IL-4 (〫) and IFN␥ (⽧) production by
CD4⫹CD44hiFoxp3⫺ T cells (relative to untreated controls). (E) The relationship between Treg frequency and the IL-4⫹(Th2)/IFN␥⫹(Th1) ratio. (B-E) Diamonds represent
individual mice, and the trend line represents the optimal model for relationship fitting with the use of the least-squares approach. r2 values are the goodness of fit, and P values
show significance of a nonzero relationship.

are consistent with the role Tregs play in suppressing the
magnitude of immune responses; however, they are not sufficient to explain the Th1 bias caused by Tregs, because both Th1
and Th2 were affected equally.

We therefore hypothesized that differential induction of
apoptosis may explain the Th-biasing effect. To measure the
effect of Tregs on the apoptosis of Th1 and Th2 cells, cells from
wild-type or DT-treated Foxp3DTR mice were assessed for
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Figure 3. Rapid restoration of splenic Th2 suppression by Treg transfer. The magnitude and Th bias were compared for wild-type mice (WT), Foxp3DTR mice injected with
DT (DTR), and Foxp3DTR Ly5.1 mice injected with DT (on day 0) and then injected with 5 ⫻ 106 Ly5.2 Foxp3GFP CD4 T cells 7 days later (i.v.Treg). (A) Splenic cellularity.
(B) Proportion of T-cell activation, as measured by CD44 expression on CD4⫹ T cells. (C) Frequency of CD4⫹CD44hiFoxp3⫺ T cells producing IFN␥ (䡺) and IL-4 (f). Within the
i.v.Treg group, only the responses within the host Ly5.1⫹ cells were measured; n ⫽ 3/group. Error bars indicate SD.

expression of activated caspase 3, which sensitively marks cells
in the early stages of apoptosis.30 There was no significant
change in the proportion of Th1 cells expressing activated
caspase 3 in wild-type versus DT-treated Foxp3DTR mice
(Figure 4C). However, in wild-type mice the proportion of Th2
cells staining positive for activated caspase 3 was 2-fold higher
than that of Th1 cells, and in mice depleted of Tregs the
proportion of apoptotic Th2 cells dropped to below that of Th1
cells. With the use of Treg-depleted mice as a control index, the
effector of Tregs on Th1 and Th2 subsets can be enumerated at
an 80% reduction in proliferation for both subsets and a
Th2-specific 150% increase in apoptosis (Figure 4D). Effects of
similar magnitude were observed in the spleen (supplemental
Figure 6). We conclude that the lower frequency of Th2 versus
Th1 cells in wild-type mice correlates with an enhanced rate of
Th2 cell apoptosis that is because of the presence of Tregs.

Figure 4. Asymmetric induction of Th1 versus Th2
apoptosis by Tregs. The effect of Tregs on the proliferation and apoptosis of Th1 and Th2 cells was determined
by measurement of BrdU incorporation, Ki67 expression,
and activated caspase 3 expression within IL-4– and
IFN␥-producing cells in the lymph nodes of wild-type and
DT-treated Foxp3DTR mice. (A) Wild-type and DT-treated
Foxp3DTR mice were treated daily with BrdU from the time
of DT administration, and incorporation was measured in
IFN␥-expressing Th1 cells and IL-4–expressing Th2 cells
(n ⫽ 5/group). (B) Ki67 expression in Th1 and Th2
subsets of wild-type and DT-treated Foxp3DTR mice (n ⫽ 9,
11). (C) Activated caspase 3 expression in Th1 and Th2
subsets of wild-type and DT-treated Foxp3DTR mice (n ⫽ 9,
11). (D) The effect of Tregs on Th1 and Th2 subsets,
measured by calculating the percentage change in Ki67
and activated caspase 3 expression in wild-type versus
DT-treated Foxp3DTR mice. Each diamond represents an
individual wild-type mouse (n ⫽ 9), normalized to the
average value of DT-treated Foxp3DTR mice (n ⫽ 11).
Error bars indicate SD.

A candidate for the molecular mechanism of Treg-mediated
heightened suppression of Th2 responses was CTLA-4, because
of the sharp increase in IgE and autoAbs that develops when
CTLA-4 is specifically removed from Tregs13 and the autoimmunity caused by apoptosis-resistant Th2 cells in CTLA-4 knockout mice.31,32 To determine whether CTLA-4 was sufficient, in
the absence of Tregs, to restore the Th1 bias observed in
wild-type mice, we treated Treg-depleted mice with the recombinant fusion protein CTLA4-Ig which, like endogenous CTLA-4,
is known to bind B7 molecules with high affinity and to prevent
T-cell activation.33 Treatment with CTLA4-Ig either during
initial priming (day 0 of Treg-depletion) or during reaction
expansion (day 5 or day 7) reduced IL-4 production to a greater
extent than IFN␥ production (supplemental Figure 7A), returning the Th2/Th1 ratio to one approaching the wild-type context
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Figure 5. CTLA4 and anti–IL-2 can substitute for Tregs in restoring effector T-cell bias. DT-treated Foxp3DTR mice were treated with CTLA4-Ig on day 5 or anti–IL-2 Ab on
days 0-8. (A) Frequency of IL-4 and IFN␥ producers among CD4⫹CD44hiFoxp3⫺ T cells and (B) Th2/Th1 ratio in wild-type mice, DT-treated Foxp3DTR mice, DT-, and
CTLA4-Ig–treated Foxp3DTR mice and DT- and anti–IL-2-treated Foxp3DTR mice, after 9 days of treatment with DT. All data are from the spleen (n ⫽ 3-4/group). (C) The effect of
CTLA4-Ig or anti–IL-2 Ab on apoptosis in Th1 and Th2 subsets in the absence of Tregs, measured by calculating the percentage change in activated caspase 3 expression in
DT-treated mice (diamonds), DT-treated CTLA4-Ig–treated mice (squares) or DT-treated anti–IL-2-treated mice (circles), compared with wild-type mice (dashed line at 100%).
Each symbol represents an individual mouse, P values represent significant differences in CTLA4-Ig– or anti–IL-2 Ab-treated mice versus Treg depletion alone. Error bars
indicate SD.

(supplemental Figure 7B). Because day 0 treatment may interfere with initial priming34 and day 7 treatment had reduced
effectiveness, treatment on day 5 was analyzed in greater detail.
CTLA4-Ig treatment on day 5 of DT treatment had no effect on
the magnitude of the Th1 response at day 9 but sharply limited
Th2 expansion (Figure 5A). The net effect of CTLA4-Ig was to
return the Th2/Th1 ratio from 1:1 in Treg-deficient mice to the
“wild-type” ratio of 5:1 (Figure 5B). Notably, as observed with
the Treg-reconstitution experiment, injection of CTLA4-Ig on
day 5 kinetically separated the “magnitude control” and “Th
bias” regulatory effects. Further supporting the parsimonious
conclusion that Treg suppression of Th2 responses operates
through CTLA-4 was the effect of CTLA4-Ig on apoptosis.
Compared with the Treg-depleted state, CTLA4-Ig treatment in
Treg-depleted mice had no effect on Th1 apoptosis but significantly increased Th2 apoptosis to levels approaching that of
Treg-sufficient mice (Figure 5C).
The involvement of CTLA-4 in enhanced Th2 regulation
may be explained by the effect of Treg CTLA-4 expression on
the tonic dampening of CD80/CD86 expression on APCs,13
because anti-CD28 blockade sharply reduces the Th2 response
through a disproportionate and irreplaceable role for IL-2 on
Th2 differentiation.35 This model would imply that IL-2 neutralization during Treg depletion would limit the Th2 response,
similar to CTLA4-Ig provision. This was tested through the
treatment of DT-treated Foxp3DTR mice with neutralizing
anti–IL-2 Ab. IL-2 neutralization from day 0 of Treg depletion
was unable to limit the size of the day 9 Th1 response but was,
by contrast, highly effective in limiting the Th2 response
(Figure 5A). As with CTLA4-Ig, this restored the Th2/Th1 ratio
back to the Th1 bias observed in wild-type mice (Figure 5B) and
was associated with a restoration of wild-type levels of Th2
apoptosis (Figure 5C).

Discussion
These results show an asymmetric regulation of Th cells by Tregs.
Tregs not only have a greater in vivo suppressive effect on the Th2
response than the Th1 response but also have a more complex

relationship. These data indicate that suppression of Th1 responses
by Tregs operates along simple principles, with frequencyproportional suppression. By contrast, Th2 suppression by Tregs is
disproportionate to frequency, with even moderate Treg numbers
capable of efficiently quenching a Th2 response. The model
generated here suggests that the simple proportional component of
Treg suppression is mediated by a reduction in effector T-cell
proliferation, whereas the heightened suppression of Th2 responses
is associated with the additional effect of enhanced apoptosis in the
presence of Tregs (Figure 6). Because the Th1 bias and Th2
apoptotic effect generated by Tregs can be replicated through
CTLA4-Ig (Figure 5) and loss of CTLA-4 on Tregs results in
Th2-associated autoimmune disease,13 CTLA-4 expression on
Tregs is a probable mediator of this asymmetric behavior. The
involvement of CTLA-4 in enhanced Th2 regulation may be
explained by the effect of Treg CTLA-4 expression on the tonic
dampening of CD80/CD86 expression on APCs,13 because antiCD28 blockade sharply reduces the Th2 response through a
disproportionate and irreplaceable role for IL-2 on Th2 differentiation,35 a trait which is shared with Tregs.36 This model is also
consistent with the reversal of hyper IL-4 production in Tregdeficient Foxp3sf mice crossed onto the CD28-deficient or IL-2–
deficient backgrounds.34,37 In addition to the indirect effect of Tregs
on IL-2 levels, by CTLA-4–mediated reductions in T-cell priming,
Tregs have been shown to directly reduce IL-2 availability by
enhanced cytokine consumption38 and trans-reduction in IL-2
signaling capacity.39 Pandiyan et al38 demonstrated that the IL-2
consumption mechanism increases T-cell apoptosis, the results
shown here suggest that this effect is primarily directed toward the
Th2 lineage.
These data build on recently emerging evidence that Tregs
use distinct molecular mechanisms to control effector T-cell
subsets, with T-bet-, IRF4-, Stat3-, and Bcl6-deficient Tregs
exhibiting poor control over Th1, Th2, Th17, and Tfh subsets,
respectively, while leaving the remainder subsets unchanged.911,14 Various cellular mechanisms have been invoked to explain
these subset-specific activities. For example, T-bet is upregulated on a subset of Tregs during Th1 responses and is
probably driven by Th1-mediated IFN␥ production because
up-regulation occurs by IFN␥R and Stat6 signaling.9 Unlike
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Figure 6. Asymmetric control over immune activation
by Tregs. Tregs have 2 key effects on controlling Th1 and
Th2 responses. First, Tregs inhibit the proliferation of both
subsets, reducing the magnitude of the immune response. Second, Tregs specifically enhance the apoptosis of Th2 cells by CTLA4 activity and reductions in IL-2
bioavailability. The net effect of these 2 forms of regulation is to shift the Th2/Th1 balance from being at parity in
the absence of Tregs to heavily Th1 skewed in the
presence of Tregs.

T-bet, Stat3 is expressed by most Tregs. However, activation of
Stat3 depends on the appropriate cytokine signal, such as the
Th17 cytokine IL-6, making it probable that enhanced Th17regulation by Tregs is induced by a Th17 microenvironment.10
In the case of IRF4, it is not clear whether IRF4 is expressed by
a subset of Tregs or by the whole population, or whether the
Th2-specific regulatory function is constitutive or activated by
the presence of Th2 cytokines10; however, it has been shown that
IRF4 directly regulates Blimp1, in turn regulating IL-10 and
CCR6.40 Bcl6, by contrast, marks a transient inducible population of Tregs, which colocalize with Tfh cells in active germinal
centers.14 Currently, there is no evidence to suggest that these
functional regulators (T-bet, Stat3, IRF4, Blimp, Bcl6) represent
stable Treg subsets. Indeed, evidence suggests that these are
transient transcriptional pathways, activated in response to
microenvironmental stimuli to allow colocalization with effector T cells and silenced after the termination of the initiating
stimuli.14
The effect that we show here is distinct from the subset-specific
regulatory pathways shown by Treg-specific deficiency of T-bet,
IRF4, Stat3, or Bcl6. Loss of each of these genes in Tregs results in
qualitative changes in Treg function without any quantitative
decrease.9-11,14 By contrast, the use of DT to titrate Treg number
introduces a quantitative change, without any qualitative genetic
manipulation, leaving all the effector-specific response pathways
intact. The finding that Treg suppression of effector T-cell subsets
relies on qualitatively different molecular mechanisms did not
predict the finding here that shifts in subset suppression efficiency
change with quantitative Treg frequency. However, the reverse is
true, because the behavior shown by Treg titration implies molecular stratification of the suppression of different subsets, because if
Tregs used the same molecular mechanisms working with equal
efficiency against different subsets, asymmetric quantitative effects
would not occur. The result is a model whereby Tregs use
qualitatively different systems of suppression for different effector
T-cell subsets, which differentially titrate in a quantitative manner

because of intrinsic variation in the response of effector T-cell
subsets.
Many studies have attempted to correlate Treg frequency with
disease state.41 It is therefore important to develop a theoretical
basis for understanding the effects that quantitative changes in Treg
frequency can have on disease susceptibility. Under the model
derived from the empirical data of the titration curve, the effect of
quantitative decreases in Treg number is constant for Th1 responses
but disproportionate for Th2 responses. In the current study we
have focused on the purely quantitative effects of Tregs on Th bias;
however, as shown by the Unmodulated Card11 mutation,42
qualitative effects on Tregs are also able to release a strong Th2
response from Treg suppression. In the human disease context,
polymorphisms altering number and function would be expected to
interact to produce a spectrum of Treg functionality, which may
operate akin to the titrated frequency curve in the experimental
system here. If future studies show a similar relationship in
humans, the results would have large implications for the potential
effects of Treg therapy.
Finally, in addition to showing changes in Th bias associated
with quantitative changes in Treg number, these studies suggest a
molecular basis for therapeutic intervention. The ability of longterm CTLA4-Ig treatment to blockade T-cell activation and autoimmune disease is well established, with efficacious results in
rheumatoid arthritis and ongoing trials in type 1 diabetes, ulcerative
colitis, and lupus.43 Here, we demonstrated an additional capacity
of CTLA4-Ig to induce Th2 apoptosis and to rapidly restore the
Th2/Th1 ratio in the absence of Treg cells. Although immunodysregulation polyendocrinopathy enteropathy X-linked syndrome,
caused by Treg absence, is a serious but rare condition, more
common autoimmune diseases may benefit from restoration of the
Th2/Th1 ratio. A study on patients with rheumatoid arthritis found
reduced CTLA-4 expression on Tregs, associated with reduction
suppression capacity.44 The presence of this phenotype in patients
seropositive for rheumatoid arthritis but not patients seronegative
for psoriatic arthritis44 raises the potential scenario that reduced
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CTLA-4 expression on Tregs releases autoreactive Th2 cells.
Because CTLA4 is a candidate susceptibility gene for rheumatoid
arthritis, type 1 diabetes, systemic lupus erythematosus, celiac
disease, Graves disease, and Hashimoto thyroiditis,45-48 partial
CTLA-4 deficiency on Tregs may be a common contributor to
multiple diseases. These studies suggest that such a defect may
translate to disproportionate autoreactive Th2 activation and raise
the potential that CTLA4-Ig treatment may prove a rapid and
efficacious treatment.

Acknowledgments
The authors thank A. Rudensky for providing Foxp3DTR mice and J.
Kim and S. Lesage for constructive advice. They also thank S.
Schonefeldt for mouse colony support.

This work was supported by grants from the VIB and JDRF
(A.L.).

Authorship
Contribution: L.T., J.D., and D.F. performed the experiments;
L.E.M. performed statistical analysis; L.T., J.A.A., M.C.C., C.C.G.,
and A.L. designed the experiments; and L.T. and A.L. wrote the
manuscript.
Conflict-of-interest disclosure: L.E.M. is currently employed at
UCB. The remaining authors declare no competing financial
interests.
Correspondence: Adrian Liston, VIB and University of Leuven,
Leuven 3000, Belgium; e-mail: adrian.liston@vib.be.

References
1. Fontenot JD, Gavin MA, Rudensky AY. Foxp3
programs the development and function of
CD4⫹CD25⫹ regulatory T cells. Nat Immunol.
2003;4(4):330-336.
2. Hori S, Nomura T, Sakaguchi S. Control of
regulatory T cell development by the transcription factor Foxp3. Science. 2003;299(5609):
1057-1061.
3. Khattri R, Cox T, Yasayko SA, Ramsdell F. An
essential role for Scurfin in CD4⫹CD25⫹
T regulatory cells. Nat Immunol. 2003;4(4):337342.
4. Takahashi T, Kuniyasu Y, Toda M, et al. Immunologic self-tolerance maintained by CD25⫹CD4⫹
naturally anergic and suppressive T cells: induction of autoimmune disease by breaking their anergic/suppressive state. Int Immunol. 1998;
10(12):1969-1980.
5. Kabelitz D, Wesch D, Oberg HH. Regulation of
regulatory T cells: role of dendritic cells and tolllike receptors. Crit Rev Immunol. 2006;26(4):291306.
6. Kim JM, Rasmussen JP, Rudensky AY. Regulatory T cells prevent catastrophic autoimmunity
throughout the lifespan of mice. Nat Immunol.
2007;8(2):191-197.
7. Hisaeda H, Hamano S, Mitoma-Obata C, et al.
Resistance of regulatory T cells to glucocorticoidinduced [correction of glucocorticoid-viduced]
TNFR family-related protein (GITR) during Plasmodium yoelii infection. Eur J Immunol. 2005;
35(12):3516-3524.
8. 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(2):
135-142.
9. Koch MA, Tucker-Heard G, Perdue NR,
Killebrew JR, Urdahl KB, Campbell DJ. The transcription factor T-bet controls regulatory T cell
homeostasis and function during type 1 inflammation. Nat Immunol. 2009;10(6):595-602.
10. Zheng Y, Chaudhry A, Kas A, et al. Regulatory
T-cell suppressor program co-opts transcription
factor IRF4 to control T(H)2 responses. Nature.
2009;458(7236):351-356.
11. Chaudhry A, Rudra D, Treuting P, et al. CD4⫹
regulatory T cells control TH17 responses in a
Stat3-dependent manner. Science. 2009;
326(5955):986-991.
12. Rubtsov YP, Rasmussen JP, Chi EY, et al. Regulatory T cell-derived interleukin-10 limits inflammation at environmental interfaces. Immunity.
2008;28(4):546-558.
13. Wing K, Onishi Y, Prieto-Martin P, et al. CTLA-4
control over Foxp3⫹ regulatory T cell function.
Science. 2008;322(5899):271-275.

14. Linterman MA, Pierson W, Lee S, et al. Follicular
regulatory T cells develop from FoxP3⫹ T cells
and control T follicular helper cells and germinal
center response [published online ahead of print
July 24, 2011]. Nat Med. doi: 10.1038/nm.2425.

27. Fontenot JD, Rasmussen JP, Williams LM,
Dooley JL, Farr AG, Rudensky AY. Regulatory
T cell lineage specification by the forkhead transcription factor foxp3. Immunity. 2005;22(3):329341.

15. Varadhachary AS, Perdow SN, Hu C,
Ramanarayanan M, Salgame P. Differential ability
of T cell subsets to undergo activation-induced
cell death. Proc Natl Acad Sci U S A. 1997;
94(11):5778-5783.

28. Yamaizumi M, Mekada E, Uchida T, Okada Y.
One molecule of diphtheria toxin fragment A introduced into a cell can kill the cell. Cell. 1978;15(1):
245-250.

16. Zhang X, Brunner T, Carter L, et al. Unequal
death in T helper cell (Th)1 and Th2 effectors:
Th1, but not Th2, effectors undergo rapid Fas/
FasL-mediated apoptosis. J Exp Med. 1997;
185(10):1837-1849.
17. Baaten BJ, Li CR, Deiro MF, Lin MM, Linton PJ,
Bradley LM. CD44 regulates survival and
memory development in Th1 cells. Immunity.
2010;32(1):104-115.
18. Devadas S, Das J, Liu C, et al. Granzyme B is
critical for T cell receptor-induced cell death of
type 2 helper T cells. Immunity. 2006;25(2):237247.
19. Sharma V, Delgado M, Ganea D. Granzyme B, a
new player in activation-induced cell death, is
down-regulated by vasoactive intestinal peptide
in Th2 but not Th1 effectors. J Immunol. 2006;
176(1):97-110.
20. Toscano MA, Bianco GA, Ilarregui JM, et al.
Differential glycosylation of TH1, TH2 and
TH-17 effector cells selectively regulates susceptibility to cell death. Nat Immunol. 2007;
8(8):825-834.
21. Shevach EM. Mechanisms of foxp3⫹ T regulatory cell-mediated suppression. Immunity. 2009;
30(5):636-645.
22. Chatila TA, Blaeser F, Ho N, et al. JM2, encoding
a fork head-related protein, is mutated in X-linked
autoimmunity-allergic disregulation syndrome.
J Clin Invest. 2000;106(12):R75-R81.
23. Wildin RS, Smyk-Pearson S, Filipovich AH. Clinical and molecular features of the immunodysregulation, polyendocrinopathy, enteropathy, X
linked (IPEX) syndrome. J Med Genet. 2002;
39(8):537-545.
24. Liston A, Lu LF, O’Carroll D, Tarakhovsky A,
Rudensky AY. Dicer-dependent microRNA pathway safeguards regulatory T cell function. J Exp
Med. 2008;205(9):1993-2004.

29. Buch T, Heppner FL, Tertilt C, et al. A Creinducible diphtheria toxin receptor mediates cell
lineage ablation after toxin administration. Nat
Methods. 2005;2(6):419-426.
30. Belloc F, Belaud-Rotureau MA, Lavignolle V, et al.
Flow cytometry detection of caspase 3 activation
in preapoptotic leukemic cells. Cytometry. 2000;
40(2):151-160.
31. Bour-Jordan H, Grogan JL, Tang Q, Auger JA,
Locksley RM, Bluestone JA. CTLA-4 regulates
the requirement for cytokine-induced signals in
T(H)2 lineage commitment. Nat Immunol. 2003;
4(2):182-188.
32. Khattri R, Auger JA, Griffin MD, Sharpe AH,
Bluestone JA. Lymphoproliferative disorder in
CTLA-4 knockout mice is characterized by CD28regulated activation of Th2 responses.
J Immunol. 1999;162(10):5784-5791.
33. Lenschow DJ, Zeng Y, Thistlethwaite JR, et al.
Long-term survival of xenogeneic pancreatic islet
grafts induced by CTLA4lg [comment]. Science.
1992;257(5071):751.
34. Singh N, Chandler PR, Seki Y, et al. Role of CD28
in fatal autoimmune disorder in scurfy mice.
Blood. 2007;110(4):1199-1206.
35. Cote-Sierra J, Foucras G, Guo L, et al. Interleukin 2 plays a central role in Th2 differentiation.
Proc Natl Acad Sci U S A. 2004;101(11):38803885.
36. Pandiyan P, Lenardo MJ. The control of
CD4⫹CD25⫹Foxp3⫹ regulatory T cell survival.
Biol Direct. 2008;3:6.
37. Sharma R, Sharma PR, Kim YC, et al. IL-2controlled expression of multiple T cell trafficking genes and Th2 cytokines in the regulatory
T cell-deficient scurfy mice: implication to multiorgan inflammation and control of skin and lung
inflammation. J Immunol. 2011;186(2):12681278.

25. Liston A, Enders A, Siggs OM. Unravelling the
association of partial T-cell immunodeficiency and
immune dysregulation. Nat Rev Immunol. 2008;
8(7):545-558.

38. Pandiyan P, Zheng L, Ishihara S, Reed J,
Lenardo MJ. CD4⫹CD25⫹Foxp3⫹ regulatory
T cells induce cytokine deprivation-mediated apoptosis of effector CD4⫹ T cells. Nat Immunol.
2007;8(12):1353-1362.

26. Noben-Trauth N, Hu-Li J, Paul WE. Conventional,
naive CD4⫹ T cells provide an initial source of
IL-4 during Th2 differentiation. J Immunol. 2000;
165(7):3620-3625.

39. Feinerman O, Jentsch G, Tkach KE, et al. Singlecell quantification of IL-2 response by effector and
regulatory T cells reveals critical plasticity in immune response. Mol Syst Biol. 2010;6:437.

From www.bloodjournal.org by guest on April 3, 2019. For personal use only.
BLOOD, 18 AUGUST 2011 䡠 VOLUME 118, NUMBER 7

40. Cretney E, Xin A, Shi W, et al. The transcription
factors Blimp-1 and IRF4 jointly control the differentiation and function of effector regulatory
T cells. Nat Immunol. 2011;12(4):304-311.
41. Buckner JH. Mechanisms of impaired regulation
by CD4(⫹)CD25(⫹)FOXP3(⫹) regulatory T cells
in human autoimmune diseases. Nat Rev Immunol. 2010;10(12):849-859.
42. Altin JA, Tian L, Liston A, Bertram EM,
Goodnow CC, Cook MC. Decreased T-cell receptor signaling through CARD11 differentially
compromises forkhead box protein 3-positive
regulatory versus T(H)2 effector cells to cause

ASYMMETRIC CONTROL BY REGULATORY T CELLS

allergy. J Allergy Clin Immunol. 2011;127(5):
1277-1285.e5.

1853

meta-analysis. J Clin Endocrinol Metab. 2007;
92(8):3162-3170.

43. Maxwell LJ, Singh JA. Abatacept for rheumatoid
arthritis: a Cochrane systematic review. J Rheumatol. 2010;37(2):234-245.

46. Zhernakova A, Eerligh P, Barrera P, et al. CTLA4
is differentially associated with autoimmune diseases in the Dutch population. Hum Genet. 2005;
118(1):58-66.

44. Flores-Borja F, Jury EC, Mauri C, Ehrenstein MR.
Defects in CTLA-4 are associated with abnormal
regulatory T cell function in rheumatoid arthritis.
Proc Natl Acad Sci U S A. 2008;105(49):1939619401.

47. Barreto M, Santos E, Ferreira R, et al. Evidence
for CTLA4 as a susceptibility gene for systemic
lupus erythematosus. Eur J Hum Genet. 2004;
12(8):620-626.

45. Kavvoura FK, Akamizu T, Awata T, et al. Cytotoxic
T-lymphocyte associated antigen 4 gene polymorphisms and autoimmune thyroid disease: a

48. Han S, Li Y, Mao Y, Xie Y. Meta-analysis of the
association of CTLA-4 exon-1 ⫹49A/G polymorphism with rheumatoid arthritis. Hum Genet.
2005;118(1):123-132.

From www.bloodjournal.org by guest on April 3, 2019. For personal use only.

2011 118: 1845-1853
doi:10.1182/blood-2011-04-346056 originally published
online June 28, 2011

Foxp3+ regulatory T cells exert asymmetric control over murine helper
responses by inducing Th2 cell apoptosis
Lei Tian, John A. Altin, Lydia E. Makaroff, Dean Franckaert, Matthew C. Cook, Christopher C.
Goodnow, James Dooley and Adrian Liston

Updated information and services can be found at:
http://www.bloodjournal.org/content/118/7/1845.full.html
Articles on similar topics can be found in the following Blood collections
Immunobiology and Immunotherapy (5662 articles)
Information about reproducing this article in parts or in its entirety may be found online at:
http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
Information about ordering reprints may be found online at:
http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
Information about subscriptions and ASH membership may be found online at:
http://www.bloodjournal.org/site/subscriptions/index.xhtml

Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society
of Hematology, 2021 L St, NW, Suite 900, Washington DC 20036.
Copyright 2011 by The American Society of Hematology; all rights reserved.

