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Summary
The benefits of immunotherapy by regulatory T (Treg) cells are unpredictable partially due to the
uncertainty of their suppressive mechanism. In fact, various suppressive mechanisms have been
proposed but each remains controversial. To better understand Treg-mediated suppression, we
have investigated factors which may influence the suppressive effects. In an in vitro suppression
assay, over-expression of anti-apoptotic Bcl2 enhancing survival of conventional T responder cells
(Tconvs) did not subvert Treg-mediated suppression. In contrast, enhancing activation of Tconvs
by increasing the potency of calcium signals completely abrogated Treg-mediated suppression.
While Tregs were incapable of suppressing already activated Tconvs, they prevented expression of
activation markers on naïve Tconvs during activation, thereby indicating that Tregs mediate
suppression through controlling early activation stage. Interestingly, IL-2 deprivation or TGF-β,
two suppressive mechanisms, did not effectively inhibit Tconv activation and proliferation when
applied alone. In contrast, IL-2 deprivation combined with TGF-β suppressed Tconv activation as
potently as Tregs. More importantly, in the transwell system, that separates Tregs from Tconvs,
TGF-β contributed to Treg suppression under IL-2 depriving condition. In conclusion, these two
suppressive mechanisms acting in concert may be necessary to effectively restrain the early
activation of Tconvs.
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Introduction
While CD4+ T cells play a central role in establishing and maximizing various immune
responses, they also contain a unique subpopulation that suppresses these responses.
Sakaguchi et al. (1995) identified CD25 (IL-2Rα) as a marker for this CD4+ suppressor cell
population, named regulatory T cell (Treg). Their study showed that CD4+CD25+ Tregs
prevented CD4+CD25− cell-mediated autoimmune diseases in athymic nude mice [1]. In
2003, the same and other groups demonstrated that the Foxp3 transcription factor was
predominantly expressed in CD4+CD25+ cells. The stable expression of Foxp3 is critical for
establishing and maintaining Treg lineage [2-5]. Mutations of the Foxp3 gene can result in
lethal autoimmunity both in mouse and human [2-5], proving the requirement for Tregs in
maintaining self-tolerance.

Given its suppressive nature, it is of great interest to explore the therapeutic effects of Tregs
in immune diseases. However, not fully defined suppressive mechanisms of Tregs shroud
potential barriers in developing Treg-based immunotherapy. In fact, multiple suppressor
mechanisms have been proposed but their exact roles are subjects of intense debates. Tregs
suppress conventional T cells (Tconvs) by secreting suppressive cytokines (TGF-β, IL-10,
and IL-35) [6-8], by competing with Tconv for IL-2 [9], by expressing suppressive
molecules i.e. galectin-1 on their cell surface [10], or by killing effector T cells [11]. In
addition, Tregs have been shown to suppress APCs, which in turn fail to activate Tconvs, as
Tregs express cell surface molecules (e.g. CTLA-4, LAG-3, CD39, and Nrp-1) that directly
influence APC function [8,12]. Not surprisingly, these increasing number of mechanisms
have been associated with numerous controversial issues related to the fact that abrogating
only one mechanism may not reverse Treg suppression [13-15]. It is possible and rather
likely that two or more timely interacting mechanisms produce effective Treg suppression.
Hence, we explored different conditions that may limit inhibitory effects and examined how
coordinated suppressive factors may produce optimal suppression.

Difficulties had emerged from observations that Tregs in totally TGF-β1-deficient mice
were either protective or nonfunctional in the same colitis model [13-15]. To avoid these
complications, Li et al. generated mice with a T-cell specific deletion of TGF-β production,
and using these mice demonstrated that TGF-β production by Tregs was absolutely
necessary to inhibit the inflammatory bowel disease [6]. More recently, Pesu et al. showed
that Tregs deficient in a proprotein convertase furin produced little TGF-β, and that these
mice were less protective in preventing colitis [7]. Based on these results, TGF-β produced
by Tregs is continuously considered as one of the important suppressor mechanisms.
Another important suppressive mechanism is IL-2 deprivation wherein Tregs constitutively
expressing IL-2 receptors “consume” local IL-2, thereby inhibiting Tconv responses [9]. Our
present study examined the coordinated effects of IL-2 deprivation and TGF-β in Treg-
mediated suppression. We have demonstrated that these two mechanisms in concert
suppress Tconvs, and that the suppressor effects are achieved through restraining their early
activation. Although IL-2 deprivation alone seems insufficient to inhibit an early activation,
it provides an important prerequisite for effective TGF-β-mediated suppression.

Materials and methods
Mice

BALB/c, C57BL/6 (B6), C57BL/6-Tg (BCL2)25Wehi/J (Bcl-2 Tg), and B6.129P2-
Il2tm1Hor/J (IL-2 KO) mice were purchased from The Jackson Laboratory (Bar Harbor, ME,
USA). Animals were maintained at the University of Toledo specific pathogen-free animal
facility according to institutional guidelines.
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Reagents
Anti-CD25-PE (clone; PC61), IL-2 neutralizing antibody (S4B6) and its isotype antibody rat
IgG2a were purchased from BD Bioscience (San Jose, CA, USA). Anti-CD25-APC
(PC61.5), anti-GITR-PE (DTA-1), and anti-CD4-PE-Cy5 (GK1.5) were obtained from
eBioscience (San Diego, CA, USA). TGF-β neutralizing antibody (1D11) and its isotype
antibody mouse IgG1, and mouse TGF-β1 and IL-2 DuoSet ELISA kits were purchased
from R&D systems (Minneapolis, MN, USA). Human TGF-β-1 (hTGF-β) was obtained
from Pepro Tech (Rocky Hill, NJ, USA).

FACS analysis for cell surface molecules and CFSE assay
CD4+CD25− and CD4+CD25+ T cells, sorted from BALB/c mice using a FACSAria cell
sorter (Becton Dickinson, San Jose, CA, USA), were used as Tconvs and Tregs,
respectively. The purity of cells was determined to be over 97%. Tconvs were suspended in
PBS (1 × 106 cells/ml) containing 1 μM CFSE (Invitrogen, CA, USA) and incubated for 12
min at 37°C. After cell wash, 5×104 CFSE-labeled Tconvs were cultured without or with
Treg (1:1 ratio) in the presence of 1.5×105 CD3− syngenic splenocytes (APCs) and 0.5 μg/
ml soluble anti-CD3 mAb. Some cultures were treated with IL-2 neutralizing antibody or
human (h)TGF-β. To determine the cell division and viability, the day-2 or day-3 cultured
cells were stained with propidium iodide (PI) followed by flow cytometric analysis. To
determine cell surface marker expression, some cultured cells were also stained with anti-
GITR-PE and anti-CD25-APC. Flow cytometric analysis was performed using a
FACSCalibur flow cytometer (Becton Dickinson).

Proliferation and Suppression assay
For proliferation assays, 5×104 CD4+CD25− Tconvs from BALB/c mice were stimulated by
1.5×105 CD3− syngenic APCs and 0.5 μg/ml soluble anti-CD3 mAb in 96-well round-
bottom plates. Some cultures were treated with various concentration of IL-2 neutralizing
mAb, TGF-β neutralizing mAb, isotype control antibodies, or hTGF-β. To determine cell
proliferation, cultures were pulsed with 1 μCi of [3H]thymidine for the final 16 h of the 72-h
assay and harvested with a Packard harvester. The incorporated radioactivity was
determined by a micro-plate scintillation counter (Packard Ramsey, MN).

In vitro Treg function was measured by culturing 5×104 Tconvs with various numbers of
Tregs, both of which were isolated from BALB/c mice. 1.5×105 CD3− syngenic APCs and
0.5 μg/ml soluble anti-CD3 mAb were used as stimulators. Some cultures were treated with
phorbol 12-myristate 13-acetate (PMA) (3 ng/ml) or ionomycin (750 ng/ml). Where
indicated, Tconvs, Tregs, or APCs were also obtained from B6 or BCl-2 Tg mice. Cultures
were pulsed with [3H]thymidine and harvested, as described for proliferation assay above.

Transwell experiments
Tconvs (1×105) were isolated from B6 or IL-2 KO mice, and were cultured in the upper
chamber of the 24-well transwell plates (Corning, NY, USA) in the presence of 3×105 CD3−
syngenic APCs and soluble anti-CD3 (0.5 μg/ml). Tregs (3×105) from B6 mice were placed
in the bottom chamber of some transwells, and were activated with Dynabeads Mouse T-
activator CD3/CD28 (Invitrogen; bead-to-cell ratio = 1:1) and plate-bound anti-CD3 mAb (4
μg/ml). As a control, both Tconvs and Tregs (1×105) were added into the upper chamber of
some transwells. Where indicated, the cultures were added with IL-2 neutralizing antibody
or/and TGF-β neutralizing antibody. [3H]thymidine were added to cultures for the final 16 h
of the 72-h assay. Cells in the upper chambers were transferred to 96-well plates and
harvested with a Packard harvester. The cell proliferation was determined by a scintillation
counter.
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ELISA
Tconvs were co-cultured with Tregs in transwell plates as indicated above. Culture
supernatants were collect from the top chamber of transwells at 48 h after cultivation. The
levels of TGF-β1 and IL-2 in culture supernatants were then assessed by ELISA using
commercial kits following the manufacturer's instructions.

Statistical analysis
Statistical analysis and p value were calculated using an unpaired, 2-tailed, Student's t test.

Results
Tregs mediate their suppressive function by inhibiting the early activation of Tconvs

To better understand the molecular mechanisms of Treg suppression, we applied the
commonly used in vitro assay in which CD4+CD25− Tconv responder cells co-cultured with
or without CD4+CD25+ Treg suppressors (> 90% Foxp3+, data not shown) were stimulated
by APCs and soluble anti-CD3 mAb. Comparison of CFSE labeled Tconv cells showed that
dramatic suppressive effects were exhibited by Tregs during the first 2 days of cultivation
(Fig. 1A). The inhibition was potent as suppressed Tconvs were completely incapable of
proliferation between days 2 and 3, whereas during the same time non-suppressed Tconvs
(cultured without Tregs) continued an extensive proliferation (Fig. 1A; left panels). We also
identified a significant percentage of PI+ dead cells (∼70% on day 3) within the suppressed
Tconvs (Figure 1A), which is consistent with other reports [9].

During the same early activation phase Tregs prevented the expression of activation
markers, GITR and CD25, on the cell surface of Tconvs in comparison to non-suppressed
Tconvs (Fig. 1B). Most importantly, pre-stimulation of Tconvs with APCs plus anti-CD3
mAb for only 6 hrs rendered them resistant to the subsequent suppression by Tregs (Fig.
1C). Thus, Tregs mediate suppression at an early activation phase. Interestingly, enhanced
cell proliferation was observed in the co-cultures of Tregs and pre-stimulated Tconvs (Fig.
1C). It is possible that stimulated Tconvs also enhance Treg proliferation [16].

APC alone (without soluble anti-CD3 mAb) is insufficient to activate the majority of T cells
(data not shown). About 80% Tconvs were PI+ in the 3-day cultures in which APCs but not
anti-CD3 mAb were supplemented (Fig. 1D). These data suggested that insufficient
activation of Tconvs in the in vitro cultures may lead to their death. Because Tregs suppress
the activation of Tconvs, we speculated that the in vitro death of suppressed Tconvs resulted
because of their failed activation (Figure 1A). Indeed, despite over-expressing Bcl-2 in
Tconvs (from Bcl-2 Tg mice) to sustain their viability in vitro [17], Tconvs from Bcl-2 Tg
mice were susceptible to Treg-mediated suppression (Fig. 1E). Together, our data
demonstrate that Tregs suppress early activation of Tconvs. The high frequency of dead
cells observed in the suppression assay may be attributed to impaired activation of Tconvs.

Increasing calcium signaling in Tconvs abrogates Treg-mediated suppression
The above data showed that Tregs suppress the activation of Tconvs. We next investigated
whether Tregs can suppress Tconvs upon enhanced activation. Since the amplitude and
duration of Ca2+ signals (following TCR engagement) increases the efficiency of gene
activation events in T cells [18], we determined whether raising the intracellular Ca2+ influx
in Tconvs by ionomycin treatment (data not shown) can render them resistant to Treg
suppression. As shown in Figure 2A, 750 ng/ml ionomycin supports Tconv proliferation
when combined with 3 ng/ml diacylglycerol analog PMA (Figure 2A; cultures containing
only CD4+CD25− cells). However, ionomycin alone was sufficient to completely abrogate
Treg suppression (Figure 2B). Furthermore, we pretreated each cell type with ionomycin
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prior to the suppression assay, and showed that only pre-treating Tconvs, but not Tregs or
APCs, caused abrogation of Treg suppression (Figure 2C). Therefore, ionomycin enhances
Tconv activation, and thus renders them resistant to Treg suppression.

IL-2 deprivation and TGF-β act in concert to potently inhibit activation of Tconvs
Our above data demonstrated that Tregs exert their suppressive function through restraining
early Tconv activation. Because of their importance, we examined the impact of two
cytokine factors in suppression of Tconvs, namely IL-2 deprivation and addition of TGF-β.
Figure 3A shows the expression of activation maker CD25 on Tconvs at day 2 after
stimulation by APC and anti-CD3 mAb. While activated Tconvs displayed potent CD25
expression, addition of Tregs almost completely inhibited CD25 expression on Tconvs (Fig.
3A; left column). Although addition of TGF-β (Fig. 3A; second column) or neutralizing
anti-IL-2 mAb (Fig. 3A; third column) reduced the expression levels of CD25 on Tconvs,
neither of them inhibited Tconv activation as potently as Treg suppression. Interestingly,
combination of TGF-β (100 or 500 pg/ml) and neutralizing anti-IL-2 mAb (10 μg/ml)
inhibited CD25 expression on Tconvs in a similar pattern as Tregs (Fig. 3A; last two
columns). Therefore, deprivation of IL-2 creates a unique environment for TGF-β-mediated
suppression during an initial Tconv activation phase.

Very similar patterns have been reproduced by the same two factors when testing to
suppress T-cell proliferation (Fig. 3B and 3C). The inhibitory effect of neutralizing anti-IL-2
mAb on Tconv proliferation was also much less potent than Tregs; an increasing anti-IL-2
mAb amount in cultures did not enhance the inhibitory activity (Fig. 3B). These results
suggested that Tregs exert their suppressive activity not only through IL-2 consumption.
Conversely, addition of TGF-β alone was not sufficient enough to produce suppressive
effects comparable to Tregs (Fig. 3C), but combination of anti-IL-2 mAb (10 μg/ml) and
TGF-β (500 pg/ml) robustly suppressed Tconvs (Fig. 3D). The same pattern was confirmed
by CFSE-labeled Tconvs, as 95% of them divided more than once after stimulation by
APCs/anti-CD3 mAb (Fig. 3E; panel i). In cultures deprived of IL-2 or supplemented with
TGF-β this number was reduced to 71% and 68%, respectively (Fig. 1E; panels ii and iii). In
contrast, addition of Tregs or a combination of neutralizing anti-IL2 mAb and TGF-β
suppressed the Tconvs proliferation with only ∼ 30% cells dividing more than once (Fig.
3E; panels iv and v). These collective results showed that two non-redundant suppressive
mechanisms are jointly much more effective in inhibiting Tconvs, thereby mimicking effects
produced by Tregs.

Tregs mediate IL-2-deprivation of Tconvs
A transwell plate system that separates Tregs from Tconvs by a membrane is used to
evaluate the role of soluble factors in Treg-mediated suppression. First, we performed an
ELISA to measure the levels of TGF-β and IL-2 in transwell cultures of Tregs and Tconvs.
As shown in Figure 4A, Tconvs stimulated by APC/anti-CD3 mAb and cultured alone
without Tregs produced significant amount of IL-2 (Fig. 4A, gray bar). Mixed culture of
Tregs and Tconvs together in the top chamber (but not separated culture of Tregs and
Tconvs in two chambers) robustly reduced IL-2 levels (Fig. 4A, white vs. black bars).
Therefore, Treg-mediated IL-2 deprivation of Tconvs requires proximity between Tregs and
Tconvs. The same cultures examined for TGF-β production showed the elevated TGF-β
levels in the presence of Tregs even when Tregs were separately cultured with Tconvs (Fig.
4B). These results indicate that Tregs regulate cytokine environment in cultures.
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IL-2-deprivation creates prerequisite conditions for TGF-β-mediated suppression in
transwell system

We applied neutralizing mAbs for TGF-β and IL-2 to further investigate the roles of IL-2
deprivation and TGF-β in Treg-mediated suppression. Anti-IL-2 mAb, but not its isotype
Ab, decreased Tconv proliferation in concentration-dependent fashion (Fig. 5A). In addition,
anti-TGF-β mAb, but not its isotype Ab, abrogated TGF-β-mediated suppression of Tconvs
(Fig. 5B). Thus, these neutralizing mAbs effectively prevented the effects of IL-2 or TGF-β
on Tconv proliferation.

We then demonstrated that separation of Tregs with Tconvs through the membrane in the
transwell system almost completely abrogated Treg-mediated suppression (Fig. 5C).
Because Treg-mediated IL-2-deprivation could not be reproduced by the two-chamber
separation in the transwell system (Fig. 4A), we added neutralizing anti-IL-2 mAb and
showed that IL-2-depravation suppressed Tconv proliferation (Fig. 5C; first vs. fourth gray
bars). However, this suppression of Tconv proliferation was caused not only by IL-2
deprivation but also by simultaneous TGF-β elevation, because neutralizing anti-TGF-β
mAb partially reversed suppression (Fig. 5C; third vs. fourth gray bars; P<0.01). In the
absence of anti-IL-2 mAb, neutralizing TGF-β failed to reverse suppression (Fig. 5C; first
vs. second gray bars; P=0.29). Thus, IL-2 deprivation creates favorable environment for
TGF-β to contribute in Treg-mediated suppression.

To confirm the above findings we have employed IL-2-deficient model wherein IL-2−/−

Tconvs served as responders, which in general are less proliferative than wild-type Tconvs
(data not shown). In this condition, Tregs suppressed by almost 40% the proliferation of
IL-2−/− Tconvs in the transwell system (Fig. 5D; gray and first black bars). Thus, soluble
factors contributed to Treg-mediated suppression where Tconvs do not produce IL-2. Since
elimination of TGF-β by neutralizing mAb abrogated this suppressive effect in a dose-
dependant manner (Fig. 5D; black bars), TGF-β is one of the major soluble factors
suppressing IL-2−/− Tconvs in a transwell system. These results support our main
conclusion that the IL-2-deprivation conditions create a unique environment for efficient
TGF-β-mediated suppression by Tregs.

Discussion
Various cytokines regulate the activation and proliferation of CD4+ T cells. Activated CD4+

T cells themselves produce numerous cytokines to fine-tune the immune responses. Yet, the
involvement of cytokines in CD4+Foxp3+ Treg-mediated suppression is undefined and
remains controversial [8]. In fact, Tregs produce TGF-β, which is considered a major
suppressive cytokine regulating cellular differentiation and proliferation. Tregs also express
high-affinity IL-2R to preferentially consume IL-2, a principle T-cell growth factor normally
produced by Tconvs during an immune response. Currently, IL-2 consumption and TGF-β
have been suggested as suppressive factors of Tregs in some but not in other studies [8]. In
this paper, we document that both IL-2 deprivation and TGF-β are non-redundant
mechanisms working in concert to suppress Tconvs. We propose that these two factors
jointly contribute to produce effective Treg-mediated suppression.

Binding of IL-2 to IL-2R regulates the magnitude and duration of T-cell responses. IL-2 is
predominantly produced by Tconvs in response to antigenic stimulation. To deliver an
optimal IL-2 signal, Tconvs need express IL-2Rα (CD25; an activation marker) which is
undetectable on resting Tconvs but which is readily induced by antigen stimulation. In
addition, IL-2 also provides a positive feedback to further increase CD25 expression [19,20].
Elimination of IL-2 in the proliferation assay moderately reduced the expression of CD25
levels on Tconvs (Fig. 3A). While, a reduced but still significant Tconv proliferation was
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observed under IL-2 deprivation, an increasing concentration of neutralizing anti-IL-2 mAb
failed to further impair Tconv proliferation (Fig. 3B). Therefore, IL-2 independent
mechanisms exist to support T-cell growth and expansion. Indeed, while IL-2- and CD25-
deficient mice show variable abnormalities in clonal expansion and effector function of
Tconvs, both knockout strains are immunocompetent [19,20].

One of the most important IL-2 function is to maintain Treg homeostasis, as evidenced by
the fact that mice deficient of IL-2 or IL-2R display a tenfold reduction in the numbers of
peripheral CD4+Foxp3+ Tregs and develop lethal autoimmunities [19]. Although Tregs do
not produce IL-2, they represent the only cell subset constitutively expressing high affinity
IL-2R containing all three chains, namely IL-2Rα, IL-2Rβ and common γ (γc) chains.
Pandiyan et al. have recently indicated that Tregs consume IL-2 causing this cytokine
deprivation, which in turn induce apoptosis of activated Tconvs rather than suppress their
early activation and proliferation [9]. Indeed, IL-2 deprivation occurred in Treg suppression
(Fig. 4A). However, we showed that Tregs suppressed the activation and proliferation of
Tconvs (Fig. 1 and 3), and that Treg suppression may not require the induction of Tconv
apoptosis as Tregs potently suppressed BCL-2-transgenic Tconvs (Fig. 1E). We further
showed that IL-2 deprivation impaired Tconv activation and proliferation (Fig. 3A and 3B).
Nevertheless, suppressive effect by IL-2 deprivation is much less potent than the inhibitory
effect exhibited by Tregs on Tconvs (Fig. 3B). It is therefore likely that there is another
major factor contributing to suppression under IL-2 deprivation conditions.

TGF-β is a potent regulatory cytokine produced by virtually all cell types, including CD4+

cells. It is also confirmed that Tregs produce much more TGF-β in comparison to Tconvs
[7,21]. Consequently, early studies reported that neutralizing TGF-β mAb could reverse
Treg-mediated suppression, suggesting that TGF-β is a principle inhibitory factor produced
by Tregs [21]. Instead, Piccirillo et al. showed an unimpaired in vitro suppressive effect by
TGF-β1−/− Tregs, suggesting that Treg-produced TGF-β might be dispensable [22]. These
results were further complicated by work of Fahlen et al. who showed that elimination of
TGF-β abrogated the suppressive function even of TGF-β1−/− Tregs, indicating that TGF-β
produced by other cells may be essential for Treg-mediated suppression [13]. Recent work
by Li et al. used mice with a T-cell specific deletion of the Tgfb1 gene to demonstrate the
critical role of Treg-produced TGF-β for Treg function [6]. In support of these data, Pesu et
al. confirmed that Tregs with specific deletion of furin had reduced production of TGF-β,
resulting in loss of their protective effects in a colitis model [7]. Together, it seems
convincing that TGF-β is involved in Treg-mediated suppression, but the exact mechanism
of TGF-β in this suppressor mechanism is not fully defined and requires further
characterization.

It is also important to know how TGF-β (regardless of its origin) promotes Treg suppression.
CD4+ Tconvs from mice that express a dominant negative TGF-β receptor type II cannot
respond to TGF-β, and thus escape control by Tregs [13]. We propose that TGF-β
contributes to Treg-mediated suppression, at least partially, by targeting early activation
steps of Tconv responders (Fig. 3). While TGF-β alone inhibits Tconv proliferation, it exerts
a much potent suppressive function when combined with IL-2 deprivation (Fig. 3D and 3E).
Hence, IL-2 deprivation and TGF-β have non-redundant functions in suppressing Tconvs.

Limited Treg suppression observed in the transwell system (Fig. 5C) suggests the non-
essential role for secreted cytokines in Treg-mediated suppression. However, since
cytokines act in a gradient fashion, the proximity between suppressor and responder may be
important [8,9,23]. Sabatos et al. recently presented evidence that paracrine IL-2 delivery
between two activated T cells involves their surface (synapse-based) interactions [23]. In
parallel situation, Tregs may not efficiently compete for IL-2 when separated from Tconvs
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in transwells, as seen by high IL-2 levels in Treg and Tconv transwell cultures (Fig. 4A;
black bar). In addition, Tregs also inhibit IL-2 production by Tconvs [8] but they may fail to
do so in the transwell system. However, we showed the potent impact of anti-IL-2
neutralizing mAb in the transwell-based Treg suppression, as neutralization of IL-2 inhibited
Tconv proliferation. Notably, since the effective inhibition of Tconv proliferation was
partially reversed by neutralizing TGF-β, TGF-β produced in transwell cultures contributed
to this suppression (Fig. 5C). These latter results have been further strengthened by using
Tregs and IL-2-/- Tconvs in the transwell assays. Tregs alone exerted a robust ∼ 40%
suppression on the proliferation of IL-2-/-Tconvs in the transwell system, proving the direct
evidence for involvement of soluble factors in suppression. The identity of one of them was
confirmed by neutralizing of suppression in a dose-dependent fashion by anti-TGF-β mAb
(Fig. 5D). These results suggest that interaction of IL-2 deprivation with TGF-β in
suppression by Tregs.

In summary, our study coordinated and further clarified the effects of two cytokine factors
on Treg-mediated suppression. We show that IL-2 consumption and TGF-β production are
non-redundant suppressive mechanisms exhibited by Tregs. Indeed, TGF-β and IL-2 are
critically important in Treg development, homeostasis, and suppressor function. Further
studies are underway to define the role of IL-2 and TGF-β in T cell biology to unveil the
nature of Treg-mediated suppression.
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Figure 1. Similar suppressive effects by Tregs on naïve Tconvs and Bcl-2-over-expressing Tconvs
but not on activated Tconvs
Purified CD4+CD25− Tconvs were cultured without or with CD4+CD25+ Tregs at a 1:1
ratio (except in A). Syngeneic APCs and soluble anti-CD3 mAb were used as stimulators
(except in D). In A, B, and D, Tconvs were CFSE-labeled before cultivation. (A) Dot plots
show CFSE fluorescence vs. PI staining within the CFSE+ Tconv population at culture day 2
and day 3; Tconv:Treg ratios were indicated. Numbers represent the percentage of PI+

Tconvs. (B) Overlay histograms show the expression of GITR or CD25 on CFSE+PI−
Tconvs in the day 2 cultures. The black line and the filled gray area represent Tconvs
cultured with and without Tregs, respectively. (C) Tregs were added to cultures at the
indicated time points. Cell proliferation was assessed on day 3 by 3H-thymidine
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incorporation. (D) APCs together with (top and middle panels) or without (bottom panel)
anti-CD3 mAb were used as stimulators. Dot plots show the frequency of PI+ cells within
the CFSE+ Tconv population in the day 3 cultures. (E) As indicated, Tconvs and Tregs
isolated from Bcl-2 transgenic or wild-type B6 mice were cultured. Cell proliferation was
assessed on day 3 by 3H-thymidine incorporation. More details are described in Materials
and Methods. Figures are representative of 3 experiments.
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Figure 2. Increasing calcium signaling in Tconvs abrogates Treg-mediated suppression
(A) Purified CD4+CD25− Tconvs were cultured alone and were stimulated by PMA and/or
ionomycin as indicated. (B-C) CD4+CD25− Tconvs were cultured without (gray bars) or
with CD4+CD25+ Tregs at a 1:1 ratio (black bars). Syngeneic APCs and soluble anti-CD3
mAb were used as stimulators. In B, some cultures were supplemented with PMA and/or
ionomycin. In C, APCs, Tregs, or Tconvs were pretreated with 750 ng/ml ionomycin for 2
hours, and were washed before culture. As indicated, pretreated APCs, Tregs, or Tconvs
were used in cultures, respectively. Cell proliferation was assessed on day 3 by 3H-
thymidine incorporation. Figures are representative of 3 experiments.
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Figure 3. IL-2 deprivation cooperates with TGF-β to inhibit early activation and proliferation of
Tconvs
CD4+CD25− Tconvs were stimulated by APCs/anti-CD3 mAb. (A) Cultures of CFSE-
labeled Tconvs were treated with various concentration of TGF-β (ii), neutralizing anti-IL-2
mAb (iii), or TGF-β (iv, 100 pg/ml; v, 500 pg/ml) together with various concentration anti-
IL-2 mAb (as indicated). Tconvs were also cultured without treatment or co-cultured with
Tregs at a 1:1 ratio (i, middle or bottom panel, respectively). Histograms show the
expression of CD25 on CFSE+PI− Tconvs in the day 2 cultures, or on freshly isolated naïve
Tconvs (i, top panel). (B-D) Cultures of Tconvs were treated without or with various
concentration of anti-IL-2 mAb or TGF-β as indicated (gray bars). Tconvs co-cultured with
Tregs were served as a control (black bars). In D, 500 pg/ml TGF-β and 10 μg/ml anti-IL-2
mAb were used. Cell proliferation was assessed on day 3 by 3H-thymidine incorporation.
(E) Cultures of CFSE-labeled Tconvs were treated with anti-IL-2 mAb (ii, 10 μg/ml) or
TGF-β (iii, 500 pg/ml), or anti-IL-2 mAb plus TGF-β (v). Tconvs cultured without treatment
(i) or co-cultured with Tregs at a 1:1 ratio (iv) served as controls. Histograms show the
CFSE fluorescence within the CFSE+PI− Tconv population in the day 3 cultures. Numbers
represent the percentage of Tconvs that divided more than once. Figures are representative
of 3 experiments.
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Figure 4. Tregs mediate IL-2 deprivation of Tconvs
Tconvs were stimulated by APCs and anti-CD3 mAb. Tconvs were cultured alone (gray
bar), or were co-cultured with Tregs either in the same top chamber (white bar, no transwell)
or in the different chambers (black bar, transwell) of a transwell. At 48 hours after
cultivation, the levels of IL-2 (A) and TGF-β (B) in the culture supernatant were assessed by
ELISA assay. Figures are representative of 3 experiments.
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Figure 5. IL-2 deprivation creates prerequisite condition for TGF-β-mediated suppression by
Tregs
(A-B) Tconvs were stimulated by APCs and anti-CD3 mAb. In A, different amount of anti-
IL-2 mAb or isotype control Ab was added into the cultures as indicated. In B, some
cultures were added with TGF-β alone, or together with either anti-TGF-β mAb or isotype
control Ab. (C-D) Tconvs isolated from wild type B6 (C) or IL-2−/− (D) mice were
stimulated by B6 APCs and anti-CD3 mAb. Tconvs were cultured alone (Tconv group), or
were co-cultured with Tregs from B6 mice either in the same chamber [Tconv:Treg (no
transwell)] or in the different chambers [Tconv:Treg (transwell)] of a transwell. In C,
cultures were treated with 10 μg/ml neutralizing anti-TGF-β mAb and/or 10 μg/ml anti-IL-2
mAb as indicated. In D, some cultures were treated with various concentration of anti-TGF-
β mAb. Cell proliferation was assessed on day-3 by 3H-thymidine incorporation. Figures are
representative of at least 3 independent experiments.
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