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Abstract of the Thesis

An Initial Analysis of the Role of Sts-1 and Sts-2 in the Development of Regulatory
T cells
by
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Master of Science
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2011

Regulatory T cells (Trwgs) play a critical role in down-regulating immune responses to self
antigens. Here we assess the significance of Sts-1 and Sts-2, two protein phosphatases that
negatively regulate TCR signaling, in the development and maintenance of Tr,. We show that
the number of splenic Ty in vivo is elevated in the absence of Sts-land Sts-2. We also found
that Sts-1 and Sts-2 play a redundant role in TGF--mediated induction of Tieg in vitro. These
data indicate that the Sts proteins are crucial for the maintenance of normal T, populations in

mice and also in TGF-B-mediated induction of Tregs in vitro.
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1. INTRODUCTION

The immune system is constantly faced by the challenge of discriminating between self
and non-self antigens. The ability of the immune system to elicit immune responses against
infection while preventing responses against self-antigens is critical for host survival. The major
mechanism by which tolerance to self is established occurs in the early stages of T cell
development in the thymus, when cells that have a high affinity to self-antigens are deleted (1).
In addition to the process of clonal deletion, self-tolerance is also maintained by a subset of
T cells known as regulatory T cells that negatively regulate immune responses and suppress self-

reactive T cells.

In 1970, Greshon and Kondo made an important observation that a small population of
T cells that were unlike other helper T cells exerts suppressive activity, and coined the term
‘suppressor cells’ to describe them (2). Research on suppressor T cell activity was pursued
extensively until the mid-1980s. However, the existence of these cells became questionable (3)
because neither the cells nor the molecules associated with their suppressive function could be
characterized (4, 5). As a result, research on suppressor T cells was dropped and the concept of
suppressor T cells lay dormant until 1995, when Sakaguchi et al. showed that CD4" T cells that
express the high affinity o chain receptor of IL-2 (CD25) control autoreactive T cells in vivo (6).
Another study reported that antigen-specific T cell clones suppressed the proliferation of CD4"
T cells in response to antigens and prevented colitis in a severe combined immunodeficiency
mouse model (7). These and other studies led to the identification and characterization of a
population of naturally occurring T cells that are now called CD4"CD25" regulatory T cells or
Tres (8, 9).

Regulatory T cells or Tegs

CD4*CD25" regulatory T cells constitute approximately 5-10 % of all the CD4" helper
T cells in the periphery. The best-characterized Tig are the naturally occurring Trees (nTregs) that
are produced in the thymus, express CD25 constitutively, and can suppress immune responses in

an antigen-dependent fashion (6, 10-12). Sakaguchi and co-workers demonstrated that CD4"



CD25" Tyegs exhibited regulatory functions in vitro and in vivo (6, 13). For example: in vitro, they
prevented the proliferation of helper CD4 and CD8 T cells and in vivo, they prevented colitis that
is caused by the injection of CD4" T cells lacking CD25 (6). Finally, it has been shown that
disruption of Ty, populations in the thymus or the periphery leads to autoimmunity. In particular,

neonatal thymectomy in mice on day 3 after birth leads to severe autoimmune disorders such as

IBD (10).

Regulatory T cells develop in the thymus from single positive CD4 cells. In the process
of T cell development, CD4" cells that interact with self peptidessMHC with high affinity
develop into CD4"CD25" regulatory T cells (14—16). Accessory molecules expressed on the
surface of developing T cells also interact with the thymic stromal cells to increase the avidity of
the interaction and thereby contribute to the development of regulatory T cells. These cells are
called natural T.g and they eventually egress out of the thymus to the periphery. In addition,
peripheral CD4" T cells can also acquire the regulatory phenotype by antigenic stimulation and
co-stimulation in the presence of TGF-B (17, 18). The Ty that are induced in the periphery are
called induced Tiegs (1Treqs) Or adaptive Tregs. The cytokine IL-2 is critical for the development of

Tregs both in the thymus and in the periphery (19).

A cardinal feature of Ty is the expression of Foxp3, a forkhead-winged-helix family
transcription factor. Mutations in Foxp3 result in lethal autoimmune disorders. Examples of this
are scurfy mice and the human X-linked autoimmune disorder IPEX (20-23). Several studies
have revealed the significance of Foxp3 in the development and function of Ty, cells (24-26). To
begin, CD4"CD25" cells in the thymus and periphery generally express Foxp3. In addition,
introduction of Foxp3 gene into CD4"CD25™ cells converts them into suppressive T cells similar
t0 Tregs (20, 21). This and similar such studies indicate that Foxp3 functions as a master control
switch to confer regulatory functions to T cells. Thus, it is currently considered the most specific

marker for Tregs.

In addition to Foxp3, Trees also express other activation markers such as CD122, CD132,
0X-40, Glucocorticoid Induced Tumor Necrosis Factor Receptor (GITR), and Cytotoxic

T Lymphocyte Antigen-4 (CTLA-4). All of these have been evaluated as molecular markers for
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the identification of T.gs but none are as specific as Foxp3. Also, specific reliable markers to
differentiate nTyees and 1Treg still remain elusive despite known differences between the two

populations (27).

Functionally, T are hypo-responsive to in vitro TCR stimulation. However, in the
presence of CD28 co-stimulation and large amounts of IL-2 T proliferate and expand, making
it possible to isolate antigen-specific Tregs (28). The in vitro anergy of regulatory T cells is not
reflective of their complex activity in vivo. Specifically, adoptive transfer experiments in mice
indicate that Ty, cells are capable of extensive self-renewal. In fact, transfer of a small number
of Ty afforded recipients long-lasting protection against autoimmunity. Thus the initial

description of Ty as anergic is misleading.

Trees mediate their suppressive function through various mechanisms. In vitro studies
suggest that it is important for Ty to establish contact with target cells or APCs in order to
suppress effector cells (29-31). This contact is mediated by CTLA-4 through engagement of
CD80 and CD86 expressed on the surface of APCs (32, 33). In addition, suppression by Tieg
may also be cytokine mediated through the secretion of IL-10 and IL-35 (34). Other mechanisms
through which T, suppress effector cells include sequestering IL-2, inhibiting IL-2 synthesis by

effector cells, secreting TGF-, perforin, or granzyme B.

Suppressor of T Cell Receptor Signaling Proteins (Sts-1 and Sts-2)

Activation of T cells is governed by the T cell antigen receptor, the regulation of which is
under stringent control. Two proteins belonging to the Suppressor of TCR signaling family,
Sts-1 and Sts-2, play an important role in the negative regulation of TCR signaling (35). Sts-1 is

ubiquitously expressed while Sts-2 is primarily expressed in hematopoietic cells.

Sts-1 and Sts-2 are enzymes belonging to the superfamily of 2H-phosphatases that have
an N-terminal ubiquitin-binding UBA domain, a central SH3 domain that participates in
protein-protein interactions, and a C-terminal PGM domain that has phosphatase activity. The
SH3 domain of Sts-1 and Sts-2 has been shown to interact with Cbl and prevent Cbl-mediated

endocytosis of receptor tyrosine kinases such as epidermal growth factor receptor and platelet



derived growth factor receptor (36). In the context of T cells, Sts-1 and Sts-2 exert their
regulatory effect downstream of the TCR by regulating tyrosine phosphorylation of proteins like
ZAP-70 (37, 38).

The significant role played by Sts-1 and Sts-2 in controlling TCR signaling was
determined from studies on mice in which genes for both proteins have been ablated. When
exposed to mitogenic antibodies such as CD3, Sts-1/2”" T cells hyper-proliferate compared to the
cells from wildtype, Sts-17, and Sts-2”" mice. The CD28 pathway has been shown to be
unaffected in the Sts-1/2”" T cells (39). Owing to their enhanced sensitivity to TCR stimulation,
Sts-1/2"" T cells also produce higher levels of cytokines including IFNY, IL-2, IL-4, IL-5 and IL-
10. Interestingly, the hypersensitive phenotype was not observed in T cells lacking either Sts-1 or
Sts-2 alone. (39). Using experimental autoimmune encephalomyelitis as a model, it has been
shown that mice lacking Sts-1 and Sts-2 are more susceptible to autoimmune disorders. Thus

mice lacking Sts proteins have been used as a model system for autoimmunity.

Aim of the study
This study investigates the role of two proteins, Sts-1 and Sts-2, in the development of
Tregs- The main focus of the study is on the role of Sts-1 and Sts-2 on TGF-3 mediated induction

of 1T e development.

2. METHODS

Mice: BL/6 mice were used for all the experiments. Sts-17" ', Sts-27 “, and Sts-2”" mice were

generated by ablating the genes for Sts-1, Sts-2, or both respectively.

Antibodies and Reagents: The monoclonal antibodies used in the experiments included: PE-
conjugated anti-mouse CD4 (clone H129.19), FITC-conjugated anti-mouse CD25 (clone 7D4),
and APC-conjugated anti-mouse Foxp3 (clone FJK-16s). These antibodies were all purchased for
BD biosciences. For induction assay: Purified NA/LE hamster anti-mouse CD3¢ (clone 145-

2C11) and purified NA/LE hamster anti-mouse CD28 (clone 37.51) from BD Biosciences,
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recombinant IL-2 and recombinant human TGF-B1 from PeproTech. For cell culture: RPMI
1640 media containing 10% FCS, 10 mM HEPES, pH 7.0, 2 mM glutamine, 1 mM sodium
pyruvate, 50 uM B-mercaptoethanol, 0.1 mM nonessential amino acids, and the appropriate

concentration of penicillin/streptomycin and gentamycin, all from Invitrogen, was used.

Flow Cytometry : Spleens from wild-type and mice lacking Sts-1, Sts-2, and both proteins were
crushed between two sterile glass slides and suspended in phosphate buffered saline containing
2 % FBS to obtain a single cell suspension. Red blood cells were lysed using ACK lysis buffer,
pH 7.2, containing 150 mM NH4Cl, 1 mM KHCOs3, and 0.1 mM EDTA. The debris was removed
by filtering through a 70 wm filter and the cells were washed with PBS containing 2 % FBS. The
splenocytes were counted using trypan blue staining and 1 x 10° cells were used for analysis.
The cells were first stained with the surface markers, CD4 and CD25 followed by
permeabilization with cytofix /cytoperm fixation and permeabilization solution to permeabilize
the cell wall and cell membrane. The cells were then washed with perm wash buffer and stained
for Foxp3 in perm wash buffer. Data was acquired on a FACSCalibur machine and analyzed

using CellQuest Pro.

CD4" T Cell Isolation and Cell Sorting for Induction Assay: CD4" T cells were isolated from
single cell suspensions of splenocytes after RBC hydrolysis by negative staining using a mouse
CD4" T cell isolation kit (Miltenyi) as per the manufacturer’s instructions. The CD4" T cells
obtained were stained with PE-conjugated CD4 and FITC-coupled CD25 antibodies for FACS
sorting. CD4"CD25" cells were collected in gentamycin containing RPMI 1640 medium as the

progenitors of Tieg to be used in the induction assay.

Induction Assay: 24-well plates were coated with 2 pg/ml of CD3 antibody for 2 hr at 37 °C.
The plates were washed and CD4"CD25™ cells were plated in RPMI medium with 2 pg/ml of
CD28, 2 U/ml of IL-2, and 5 ng/ml of TGF-f for varying periods of time. The cells were
harvested after 1.5, 2.5, 3.5, 4.5, and 5.5 days and analyzed by flow cytometry as well as gPCR

to check for Foxp3 expression at the protein and mRNA level respectively.
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Figure 1. Flow chart showing the steps involved in preparing and plating the cells for
induction assay.

Quantitative Real-time PCR: Total RNA was isolated using Trizol (Invitrogen). It was treated
with RNase free DNase (Qiagen) and cleaned up using RNeasy column (Qiagen) to ensure the
purity of the RNA. cDNA was synthesized from 200 ng of RNA using superScript II
(Invitrogen). The cDNA was used for quantitative Realtime PCR in an AB StepOne Plus
instrument using Power SYBR green reagents (Invitrogen). AmpErase Uracil N-glycosylase
(Invitrogen) was added to prevent carryover contamination. Following incubation and activation
at 50 °C for 2 min and 95 °C for 10 min, 40 cycles of 15 s at 95 °C, 30 s at 60 °C, and 30 s at 72
°C were carried out. The target genes were normalized against Hprt as housekeeper and the data

272" method. Primers for the assay were: Foxp3 forward primer 5’-AAT

was analyzed using the
AAA TCA TAA GGC CCT TCT CCA GGA CAG-3’, Foxp3 reverse primer 5’-AAT AAA TCA
TAA GCT GAT CAT GGC TGG GTT GT-3’, Hprt forward primer 5’-ACCA GCC CCA AAA

TGG TTA AGG-3’, Hprt reverse primer 5’-TCT GGG GAC GCA GCA ACT GAC-3'.



3. RESULTS

Increased number of splenic CD4"CD25"Foxp3* Ty, in Sts-1/2"" mice

The number of regulatory T cells in wild type and Sts-1/2” spleens was analyzed using
flow cytometry. T were identified as CD4" T cells expressing CD25 as well as Foxp3 markers
(Figure 2A). Increased numbers of CD4"CD25"Foxp3™ Ty, cells were seen in spleens of mice
lacking the Sts proteins. A representative of seven experiments is shown in Figure 2A. The
number of Ty, cells was almost double in Sts-1/2"" spleens compared to the wildtype spleens
(Figure 2B) with a mean of 4.818 % % 0.743806 Ticgs in wildtype mice and 9.192 % + 1.041245

in mice lacking Sts-1 and 2.

Sts-1and Sts-2 are required for irn vitro induction of T

To address the question of whether Sts proteins had an effect on the peripheral
conversion of Treg, we evaluated progenitors of Treg (CD4"CD25") that were isolated from the
spleens of Sts-1/27" mice. Cells from wild type BL/6 mice were used as control. Tree progenitors
were isolated from the pool of splenocytes by MACS separation and FACS sorting. Interestingly,
the numbers of T., progenitors sorted were always reduced in Sts-1/27" mice (53.433 =+
9.569918) in relation to the wildtype mice (82.166 £ 3.262412). The cells were cultured in the
presence of TGF-P, which drives the induction of Ty, in the periphery. The cells were analyzed

by flow cytometry and qPCR to assess the expression of Foxp3.

Unexpectedly, we observed that the absence of the Sts proteins impairs TGF-$ driven
induction of Ty, (Figure 3). The absence of Sts-1 and Sts-2 does not completely inhibit
induction but it significantly diminishes the percentage of cells that are induced when compared
to the wildtype. In the representative example shown in Figure 3A, the percentage of cells

expressing Foxp3 in Sts-1/27" cells was a lesser 22% compared to 56 % in the wildtype cells.
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Figure 2. Flow cytometric analysis of splenic Ty in wildtype and Sts-1/27" mice. A. Lack of
Sts-1 and Sts-2 proteins leads to an increase in the number of splenic T.g. Percentage of
CD25"Foxp3" regulatory T cells gated on CD4" lymphocytes is shown in the upper right
quadrant. The dot plots are representative of seven individual experiments. B. The difference
between regulatory T cell numbers between the wildtype and Sts-1/27" mice in a cumulative of
seven experiments is shown with standard deviations (+ 0.743806 and * 1.041245 respectively).

A similar result was obtained from Foxp3 mRNA analysis (Figure 3B). The level of
Foxp3 mRNA was determined after 4.5 days of culture with TGF-f and normalized with the
mRNA levels of Hprt (Figure 3B). We observed a significant difference in the levels of mRNA
between the wildtype and the Sts-1/27 cells after 4.5 days of culture with TGF-B. Similar to the
protein expression data (Figure 3A), the mRNA in the Sts1/2” cells is greatly diminished but not
completely absent. The results indicate that Foxp3 mRNA and protein induction, is impaired in

the mice lacking Sts-1 and 2.
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Figure 3. Absence of Sts-1 and Sts-2 impairs TGF-f-mediated induction. A. Flow cytometric
analysis of Foxp3 protein expression on day 4.5. Dot plots on the left show wild type cells
cultured with and without TGF-B and dot plots on the right show Sts1/2” cells cultured with and
without TGF-B. The numbers on the upper right quadrants are the percentages of FOXp3™ iTyegs
after 4.5 days in culture. B. qPCR analysis of Foxp3 mRNA of wild type and Sts-1/2” cells
cultured with TGF- after culture for 4.5 days.



Time-course analysis of Foxp3 expression

To further investigate the difference in 1T, induction between wildtype and Sts-1/27"
cells, we performed a time-course analysis of Foxp3 expression from 0 to 5.5 days. The results
indicate that Foxp3 expression begins after ~40 h of culture. On day 1.5, the percentage of cells
expressing Foxp3 is almost equal in the wildtype and Srs-1/27" cultures. However, by day 2.5,
diminished expression of Foxp3 in Sts-deficient cells becomes evident (Figure 4). On day 3.5,
although the expression of Foxp3 is maintained in wildtype cells, it drops dramatically in
Sts-1/27" cells (Figure 4). Between days 3.5 and 4.5, the expression levels of Foxp3 also begin to
fall in the wildtype but to a much lesser extent than in the Sts-deficient cells. On days 4.5, and
5.5, there continues to be a smaller percentage of cells expressing Foxp3 in the Sts-1/27"

population compared to the wildtype population.

The levels of Foxp3 mRNA were also determined at these time points in an independent
experiment. RNA was extracted from cells, total RNA was reverse transcribed, and then used for
gPCR analysis. As illustrated in Figure 5, Foxp3 mRNA begins to increase in both the wildtype
and Sts-1/27" cells once induced by TGF-B to become iTe. However, lower levels of Foxp3
mRNA were consistently seen in Sts-1/27" cells relative to the wildtype cells. On one hand, we
observe that Foxp3 mRNA expression begins at day 1.5, similar to protein expression (Figure 4),
and increases drastically between days 2.5 and 3.5 in the wildtype population. The level of
mRNA continues to increase in the wildtype cells with the progression of time. On the other
hand, the level of Foxp3 mRNA in Sts-1/27" cells, although significantly less than that in the
wildtype, is seen to steadily increase until day 4.5 and then fall on day 5.5 (Figure 5). The level
of mRNA in the wildtype cells peaks at day 5.5 while in Sts-1/27" cells, it peaks sooner on day
4.5. At each time point, the level of mRNA in Sts-1/27 population is significantly less than that
in the wildtype population.

Sts-1 and Sts-2 play a redundant role in TGF-f driven induction of Teg

To evaluate the role of Sts-1 and Sts-2 individually in the process of induction,

CD4'CD25™ cells from wild type, Sts-1 4_, Sts—24_, and Sts-1/27" spleens were cultured in the

10



presence and absence of TGF-f3. Foxp3 expression was analyzed using flow cytometry by CD4

and Foxp3 staining (Figure 6).
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Figure 5. Time course: qPCR analysis of Foxp3 mRNA expression. RNA was extracted from
wildtype and Sts-1/27" cells cultured with TGF-$ at regular intervals and used for cDNA
synthesis. The cDNA was then used for real-time qPCR. The levels of Foxp3 mRNA presented
here have been normalized to the levels of Hprt.

It is evident from Figure 6 that Foxp3 expression is not impaired in the absence of just one Sts
homolog. The percentage of cells expressing Foxp3 after 4.5 days of induction was similar in the
wildtype, Sts-17, and Sts-27" T cells, while Foxp3 expression in Sts-1/27 cells was significantly
lower. As shown in Figure 6, in the wildtype, Sts-17", and Sts-27 populations, more than 50 %
of the cells expressed Foxp3 whereas in the case of Sts-1/27" only 12.69 % of the cells expressed

Foxp3.

Inherent variability in induction of T

The induction assay was repeated a number of times under similar culture conditions and
the results have been presented in Table 1. The results indicate an undisputable role for the Sts

proteins in TGF-B-mediated induction of Tye,. In all of the experiments conducted, cells from
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Histograms show the expression of Foxp3 after 4.5 days of culture with TGF-p. Sts-17" and
Sts-2"" do not show any impairment in the TGF--mediated induction of iT,. The lack of both
proteins on the other hand, impairs the induction of Foxp3 expression.

mice lacking both Sts-1 and Sts-2 showed reduced induction compared to the cells from wild
type mice (Table 1). We observed that the percentage of cells induced to express Foxp3 varies
considerably in the wildtype and Sts-1/27 populations. The mean percentage of cells induced to
become 1Ty, was 41.38 % £ 17.42897 in the wildtype cells and 16.04 % + 13.77106 in the
Sts-1/27" cells respectively. It is worth noting that although there seems to be great variability in
the percentage of cells expressing Foxp3, the trend viz. reduced levels of Foxp3 expression in the
Sts-1/2”" population relative to the wild type population was seen consistently in all the

experiments.
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% Foxp3 expressing cells
Experiment # . —
Wild type Sts-1/2
1. 48.89° 23.91°
2. 54.93% 25.81°
3. 63.39 38.10
4. 34.30 0.18
5. 40.79* 28.25*
6. 59.75° 38.19°
7. 10.20 1.53
8. 16.28 1.50
9. 16.71 0.12
10. 68.13 0.03
11. 47.57 10.99
12. 43.97 6.72
13. 34.81 10.85
14. 50.07 18.68
15. 38.36 8.42
16. 63.80 39.24
17. 27.87 19.79
18. 25.03 16.57
Average + Std. Dev. 41.38056 16.04889
+17.42897 +13.77106

*Cells were cultured for 3.5 days
Table 1. Percentage of cells expressing Foxp3 after 4.5 days in culture with TGF-B. The cells

were stained with antibodies for CD4 and Foxp3, and analyzed by flow cytometry after 4.5 days
of culture unless mentioned otherwise.
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4. DISCUSSION

Our results demonstrate that Sts-1 and Sts-2 are required for the maintenance of normal
numbers of peripheral Ty Absence of Sts-1 and Sts-2 leads to an increase in the number of
peripheral T This data is consistent with previous unpublished results, indicating a role for
Sts-1 and Sts-2 in thymic Ty, development. In particular, the number of CD4"CD25 Foxp3" Tregs
in the thymi of mice lacking Sts-1 and Sts-2 were shown to be elevated in comparison to those in
the wildtype mice, implicating a role for the Sts proteins in the T, development (Carpino,
unpublished). As of now it is unclear if the increase in the number of peripheral Ty is due to an
increased migration of thymic T, to the periphery or due to an increased production of iTyegs in

the periphery or both.

Under physiological conditions or in an in vivo setting, Tre can be generated in the
periphery by TGF-B-mediated induction. Based on our findings on the splenic T, numbers in
Sts-1/27" mice (Figure 2), and studies on Sts-1/27 mice that describe the hyper-sensitive nature
of TCR signaling in Sts-1/2”" mice (39), we expected the Tyee progenitors from Sts-1/27" mice to
generate greater number of 1Ty in vitro. The results however were contrary to our expectation.
The number of 1Ty, generated from cells of Sts-1/27 origin was reduced relative to the 1T egs
generated from wildtype progenitors. This suggests that the increase in peripheral Ty, could be

due to an increased egress of nTyeg from the thymus to the periphery.

Data from qPCR experiments confirm this impairment in induction at the mRNA level. A
closer look at induction over a period of 5 days suggests that Sts-1 and Sts-2 might affect the
stability of Foxp3 protein expression in Sts-1/27" cells. In the absence of Sts-1 and Sts-2, the
levels of Foxp3 mRNA and protein were substantially reduced and the percentage of 1Teg
generated was diminished. This could indicate that Sts-land Sts-2 are required not just for
induction of T, but also for the maintenance of Foxp3 expression. We make this interpretation
cautiously given the experiment was performed only one time. Nonetheless, we hypothesize that
Sts-1 and Sts-2 regulate Foxp3 expression both at the transcriptional and the protein level.
Several studies on TGF-f driven induction of T, have revealed that the continual presence of
TGF-B is essential for the maintenance of Foxp3 expression under ex vivo conditions (40-42).
Drawing inferences based on these studies, we are inclined to think that Sts-1 and Sts-2 may
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regulate Foxp3 expression either by altering the availability of TGF-f to the cells or by altering
the TGF-P signaling pathway itself. Further, it may also be possible that the absence of Sts-1 and

Sts-2 results in rapid degradation of Foxp3 protein.

It has been previously reported that the generation of Tyees by TGF-fB induction is time
dependent (43, 44) and that Foxp3 up-regulation occurs ~2 days after the addition of TGF-f (45).
Activation of Smad by TGF-B occurs within minutes, and SMAD-DNA complexes have been
observed as early as 10 minutes after TGF-3 stimulation (46), suggesting that induction involves
a complex series of mechanisms between the formation of SMAD-DNA complexes and the first
appearance of Foxp3. The time taken by the cells to respond to TGF- by upregulating Foxp3 is
also dependant on these complex mechanisms. This could also explain the wide variability in the
level of Trg. In addition, it is also possible that the variability in the percentage of Tieg
generated is due to the cells being at different stages of their cell cycle and thus expressing

different levels of protein at a particular point in time.

CTLA-4 and Cbl-b have recently been identified as factors necessary for TGF--induced
Foxp3 expression (47, 48). Emphasizing that Sts-1 and Sts-2 are Cbl-b binding proteins (36) and
that CTLA-4 is a negative regulator of TCR signaling, we speculate that Sts-1 and Sts-2 play a
role in regulating the complex signaling cascade required for TGF-B-driven induction of Foxp3

expression in a time dependent fashion with or without the involvement of CTLA-4 and Cbl-b.

Finally, we also show that the presence of either one of the proteins compensates for the
absence of the other. This data supports the notion that Sts-1 and Sts-2 function redundantly in
T cells. This concept has been previously proposed after the demonstration of a redundant role

for the Sts proteins in IFNy production following TCR stimulation (49).

CONCLUSION

In summary, we show that the absence of Sts proteins in mice leads to an increase in the
number of splenic Treo. We also show that the lack of Sts-1 and Sts-2 impairs the induction of

Tregs in vitro. This impairment, however, is not observed when one of the two proteins is present,
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implying that Sts-1 and Sts-2 compensate for each other in pathways involved in TGF-B

signaling that drives the induction of Foxp3 expression on Tregs.
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