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Abstract

Thymus-derived regulatory T cells (tTregs) play pivotal roles in immunological self-tolerance and
homeostasis. A majority of tTregs are reactive to self-antigens and are constantly exposed to
antigenic stimulation. Despite this continuous stimulation, tTreg and conventional T-cell
populations remain balanced during homeostasis, but the mechanisms controlling this balance are
unknown. We previously reported a form of activation-induced cell death, which is dependent on
p53 (p53-induced CD28-dependent T-cell apoptosis, PICA). Under PICA-inducing conditions,
tTregs survive while a majority of conventional T cells undergo apoptosis, suggesting there is a
survival mechanism that protects tTregs. Here, we report that the expression of RasGRP1 (Ras
guanyl-releasing protein 1) is required for PICA, as conventional T cells isolated from RasGRP1-
deficient mice become resistant to PICA. After continuous stimulation, tTregs express a
substantially lower amount of RasGRP1 compared to conventional T cells. This reduced
expression of RasGRP1 is dependent on TGF-B, as addition of TGF-f to conventional T cells
reduces RasGRP1 expression. Conversely, RasGRP1 expression in tTregs increases when TGF-f
signaling is inhibited. Together, these data show that RasGRP1 expression is repressed in tTregs
by TGF-p signaling and suggests that reduced RasGRP1 expression is critical for tTregs to resist
apoptosis caused by continuous antigen exposure.

Keywords
Foxp3; RasGRPI; TCR; TGF-B; Tregs

Full correspondence: Dr. Makio Iwashima, Insitute of Loyola University Chicago, Department of Microbiology and Immunology,
2160 S First Ave, CTRE Rm 216, 60153 Maywood, Illinois, United States. miwashima@Iluc.edu.

Conflict of interest: The authors have declared no financial conflicts of interest.
Additional supporting information maybe found online in the Supporting Information section at the end of the article.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Takami et al.

Page 2

Introduction

Thymus-derived Tregs (tTregs) comprise 5-10% of peripheral blood CD4* T cells and play
a pivotal role in maintaining immune homeostasis [1, 2]. tTregs constitutively express CD25
along with the transcription factor Foxp3 that is essential for Treg functions [3]. Since Tregs
suppress the proliferation and activation of other conventional T cells, maintaining the
appropriate balance between Treg and conventional T cell populations is critical for effective
immune responses and immunological homeostasis.

Activation-induced cell death (AICD) occurs after expansion of antigen-stimulated T cells to
reduce the number of these activated T cells [4, 5]. Previously, we have established an in
vitro system to study AICD by stimulating T cells with anti-CD3 and CD28 antibodies
coated on flat tissue culture plates. Under these conditions, a majority of conventional T
cells undergo apoptosis in a p53- dependent manner, while Foxp3* tTregs are resistant to
apoptosis and expand over 7000-fold within 10 days [6]. Since classical AICD is p53
independent [7], we concluded that plate-bound anti- CD3/anti-CD28 antibodies induce
apoptosis in a manner distinct from classical AICD and named the process p53-induced
CD28- dependent T-cell apoptosis (PICA) [6]. Further analysis revealed that Foxp3* Tregs
require autocrine TGF-p to resist PICA [8]. Conversely, addition of exogenous TGF-p
renders conventional T cells resistant to PICA. These data suggest that PICA might play a
role in immune regulation by controlling the balance between tTregs and conventional T
cells. These data also provide a potential explanation for autoimmunity observed in p53-
deficient mice [9].

To elucidate the mechanism that induces PICA, we examined the signaling processes that
differ between conventional T cells and tTregs. We identified that expression of RasGRPI is
substantially upregulated by antigen stimulation in conventional T cells but remains low in
tTregs. We further found that TGF- is responsible for suppressing RasGRPI expression in
tTregs. Additionally, conventional T cells from RasGRPI-deficient mice resist PICA,
suggesting that the expression level of RasGRPI plays a critical role in controlling the
number of T cells that survive antigen exposure.

Results and discussion

Since CD4*CD25* Tregs are resistant to PICA, we hypothesized that there are TCR-
associated signaling differences between CD4*CD25" Tregs and conventional T cells that
allow for Tregs to resist PICA. To test this hypothesis, we analyzed known signaling
molecules that function downstream of TCR stimulation and compared them between
CD4*CD25* Tregs and conventional T cells (Fig. 1).

Differences in the Ras/ERK signaling pathway between Tregs and conventional T cells were
most evident. While conventional T cells showed a strong upregulation of phosphorylated
ERK (indicative of ERK activation) 15-30 min after TCR stimulation, tTregs showed little,
if any, upregulation of ERK phosphorylation (Fig. 1A). Compared to conventional T cells,
tTregs also showed a substantial decrease in phosphorylation of two molecules upstream of
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ERK, MEK and c-Raf. These data suggest that the ERK/Ras signaling pathway is uncoupled
from TCR stimulation in tTregs.

In T cells, activation of the MAPK/ERK pathway is dependent on two Ras activators,
RasGRPI and Sos-1/Sos-2 [10]. Since ERK activation was significantly lower in tTregs than
in conventional T cells, we next determined the expression level of RasGRP1 and Sos-1 in
tTregs compared to conventional T cells (Fig. 1B and C). We found that tTregs and
conventional T cells expressed markedly different levels of RasGRPI (Fig. 1B and C).
Compared to conventional T cells, tTregs expressed a much lower level of Ras- GRP1
protein and mRNA. Expression levels of Ras were comparable between conventional T cells
and tTregs. Sos-1 expression by tTregs was slightly lower than conventional T cells.
Together, the data suggest that tTregs exhibit reduced ERK signaling in part due to lower
levels of RasGRP1 expression.

We next addressed the mechanism by which tTregs express lower levels of RasGRPI. Since
we used in vitro expanded conventional and regulatory T cells in the experiments described
above, we first tested if RasGRPI expression is elevated in conventional T cells by ex vivo
expansion (Fig. 2A). Indeed, the expression of RasGRPI did not significantly differ between
freshly isolated conventional and regulatory T cells. However, after in vitro stimulation by
anti-CD3/CD28 coated beads, expression of RasGRPI increased only in conventional T cells
(Fig. 2A). The data suggested that Tregs produce an inhibitory molecule(s) for RasGRPI
expression and/or conventional T cells produce a RasGRPI promoting factor(s) during
expansion.

Our previous work showed that Tregs require TGF- signaling to resist PICA, and that
exogenous TGF-f confers PICA resistance to conventional T cells [8]. tTregs express active
TGF-p and its receptors [11-13]. Conventional T cells also express TGF-BRI and TGF-
BRII, but their expression of active TGF- ligand is limited due to the lack of TGF-B
activation machinery [14-18]. Based on these data, we hypothesized that TGF-p reduces
RasGRP1 expression by conventional T cells after activation. Our hypothesis predicted that
addition of TGF-p to activated conventional T cells would reduce expression of RasGRP1.
When we stimulated CD4* CD25" conventional T cells by anti-CD3 coated plates with
soluble anti-CD28, RasGRPI expression substantially increased after 3 days, and this level
of expression was maintained over 7 days (Fig. 2B). In contrast, addition of exogenous TGF-
B to conventional T cells resulted in little, if any, increase in RasGRPI expression. The data
show that TGF- is an inhibitor for RasGRPI expression by activated conventional T cells.
In accordance with previous data, Tregs and conventional T cells have a basal level of
pSMAD2/3 expression without stimulation, and upon stimulation with the addition of
exogenous TGF-p, both Tregs and conventional T cells upregulated pPSMAD2/3 expression
(Supporting Information Fig. 1 and Fig. 2B) [14]. The data suggest that signaling processes
downstream of SMAD phosphorylation and/or non-canonical TGF- signaling are involved
in the regulation of RasGRPI expression.

We next tested if the low levels of RasGRPI expression by tTregs require autocrine TGF-p
signaling. If autocrine TGF-B is required, then inhibition of TGF-p signaling would increase
Ras-GRPI expression. To test this, we re-stimulated ex vivo expanded CD4"CD25* Tregs
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from mouse splenocytes with anti-CD3/anti- CD28 coated plates in the presence or absence
of a TGF- type | receptor inhibitor (SB- 431542). Cells were harvested 5 days after
stimulation and the level of RasGRPI expression was determined by western blot (Fig. 2C).
Tregs stimulated with the TGF-p receptor signaling inhibitor showed a significant increase
in RasGRPI expression compared to cells stimulated with a DMSO control (Fig. 2C and D),
suggesting that TGF-B signaling in Tregs is required for maintaining low RasGRPI
expression after activation. Inhibition of TGF- signaling did not significantly reduce
expression of Foxp3 by tTregs (Fig. 2D). The data suggest that TGF-p inhibits RasGRPI
expression in a manner independent of Foxp3 expression.

RasGRPI has been shown to transduce apoptotic signals in B cells [19]. Moreover, sustained
ERK signaling can promote cell death [20-24]. Therefore, we hypothesized that
conventional T cells are susceptible to PICA because of the increase in Ras- GRPI after TCR
stimulation, which leads to sustained ERK activation. If downregulation of RasGRPI is
important for survival under PICA inducing conditions, then RasGRPI deficient
conventional T cells would become resistant to PICA. To test this, we cultured CD4* CD25
conventional T cells isolated from the spleens of RasGRP/knockout or littermate control
mice with plate-bound anti-CD3/anti-CD28 antibody stimulation. As expected, RasGRPI-
deficient conventional T cells showed a substantial decrease in the percentage of AnnexinV*
and 7TAAD™ cells, and became resistant to PICA, while control cells underwent apoptosis
(Fig. 3A, B and Supporting Informaion Fig. 2A). These data show that RasGRPI expression
is required for PICA in conventional T cells and suggest that reduced expression of
RasGRPI by tTregs is a mechanism by which tTregs resist PICA. Since low expression of
RasGRPI in tTregs requires TGF-B signaling, the data illustrate that TGF-p acts as a survival
factor in tTregs to resist PICA. Previous work by others demonstrated that TGF-§ signaling
enhances the ERK signaling pathway by SMAD-dependent and -independent manners in
non-lymphoid cells [25-28]. Our finding is therefore unique in that TGF-p signaling
suppresses RasGRPI expression in T cells, which subsequently reduces ERK signaling. The
mechanism by which TGF-f suppresses RasGRPI expression is currently unknown. Our
previous work showed that Foxp3 does not mediate this effect, because TGF- inhibited
PICA in conventional T cells without an increase in Foxp3 expression [8].

The reduction of RasGRPI by TGF-B may be due to several mechanisms, such as the direct
effects of SMAD2/3-mediated transcriptional controls. Additionally, our previous work
showed that addition of TGF-B to conventional T cells caused activation of Akt and
inactivating phosphorylation/degradation of FoxO3a, which may be a mechanism of
preventing apoptosis [8]. Others have also found that TGF-f can inactivate FoxOl and
FoxO3a in a PI3K-dependent manner [29, 30]. These findings bring up the possibility that
TGF-B could control RasGRPI expression in a PI3K-dependent manner.

The TGF-B-mediated mechanisms that control RasGRPI and PICA could also have
important clinical implications, especially for chimeric antigen receptor (CAR) T cells,
which have been found to undergo activation-induced cell death with repeated antigen
exposure [31-33]. PICA could play a significant role in CAR T-cell apoptosis since CD3
and a co-stimulatory domain such as CD28 are co-engaged during CAR T-cell activation, in
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a manner similar to plate-bound stimulation in PICA. Further studies will need to elucidate
the role of TGF-p and RasGRPI in CAR T-cell activation and death.

Concluding remarks

In this study, we unveiled a new insight into a Treg survival mechanism against activation
induced cell death. Expression of RasGRPI is reduced in Tregs by TGF-p. RasGRPI-
deficient T cells, similar to Tregs, are resistant to p53-dependent CD28-induced apoptosis.
The data suggest that TGF-p and TCR signaling cross talk via RasGRPI expression and
controls the fate of T cells.

Materials and methods

Mice

Cell culture

C57BL/6 and BALB/c mice were purchased from Jackson Laboratory. RasgrpZ~'~ mice
were kindly gifted by Dr. JC Stone. Mice were maintained under specific pathogen-free
conditions. All procedures were approved and monitored by the Institutional Animal Care
and Use Committee of Loyola University Chicago.

Splenocytes were labeled with fluorochrome conjugated anti-CD4 and anti-CD25 antibodies
followed by sorting of CD4*CD25* T cells and CD4* CD25™ T cells using FACSAria (BD
Biosciences, Franklin Lakes, NJ). tTregs were expanded in vitro as previously described [6].
Briefly, CD4* CD25* T cells were stimulated with immobilized anti-CD3/anti-CD28
antibodies (5 pg/mL each, Biolegend, San Diego, CA, USA) coated on culture dishes in the
presence IL-2 (10 ng/mL, Peprotech, Rocky Hill, NJ, USA). For conventional T cell
expansion, CD4*CD25 T cells were stimulated with anti-CD3/anti-CD28 antibodies coated
on 4.5 uM polystyrene beads (Polysciences, Inc, Warrington, PA, USA). For the culture with
the addition of exogenous TGF-f, CD4*CD25™ T cells were stimulated with plate-bound
anti-CD3 (5 pg/mL) and soluble anti-CD28 antibodies (I ug/mL) in the presence of TGF- B
(2.5 ng/mL, Peprotech) and IL-2 (10 ng/mL, Peprotech). After 3 days of stimulation, cells
were harvested to remove stimulation and were further cultured in the presence of TGF-p
and IL-2. Expanded tTregs or conventional T cells were washed and rested overnight in the
presence of IL-2 (I ng/mL) prior to restimulation. For culture with the TGF-p signaling
inhibitor, CD4* 25* tTregs were expanded with anti-CD3/anti-CD28 antibody coated beads
for 7 days in the presence of I1L-2. After 7 days, tTregs were restimulated with immobilized
anti-CD3/anti-CD28 antibodies (5 pg/mL each, Biolegend) coated on culture dishes with
DMSO control or 10 uM SB-431542 (Sigma, St. Louis, MO, USA) in the presence of IL-2
(10 ng/mL, Peprotech). For re-stimulation to assess TCR signaling events, expanded cells
were stimulated with biotin- conjugated anti-CD3 Ab (5 pg/mL, eBiosciences, San Diego,
CA USA) cross-linked by streptavidin (5 ug/mL, EMD Chemicals, Rockland, MA, USA).

Western blot

Cells were lysed either in SDS sample buffer (2% SDS, 125 mM DTT, 10% glycerol, 62.5
mM Tris-HCI, pH 6.8) or RIPA buffer (10 mM Phosphate buffer, 150 mM NaCl, 1% NP40,
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0.1% sodium deoxycholate, and 0.1% SDS) containing protease inhibitors and phosphatase
inhibitors. Equivalent amounts of proteins adjusted by cell number were loaded in each lane
and separated on SDS- PAGE gels. Proteins transferred on P\VVDF membranes were probed
with the following primary antibodies: antibodies specific for phospho-Erk (Thr 202/
Tyr204), phospho-Mek1/2 (Ser 217/221), phosphor-cRaf (Ser 259), phospho-smad 2/3 (Ser
423/425) and Mek were from Cell Signaling Technology. Antibodies specific for RasGRP1
and Sos1 were from Santa Cruz Biotechnology (Dallas, TX, USA). The anti-Ras antibody
was from BD Biosciences, the anti-Erk Ab was from Millipore (Billerica, MA, USA), the
anti-Foxp3 Ab was from eBiosciences, and the anti-p actin anti-body was from Sigma (St.
Louis, MO, USA).

Flow cytometry

Harvested cells were stained with 7AAD (BD Biosciences) and AnnexinV (Biolegend) for
15 min at room temperature. Data were collected on BD FACSCanto (BD Biosciences) and
analyzed using FlowJo software (FlowJO, Ashland, OR, USA). To assess pPSMAD2/3
expression in conventional T cells and Tregs, spleno- cytes were first stained with CD4 and
CD25 (Biolegend), followed by permeabilization and pSMAD2/3 intracellular staining with
a standard protocol (BD Biosciences). For all flow cytometry and cell sorting, the EJI
guidelines were followed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Expression and activation of ERK signaling molecules in conventional T cells and tTregs.
Ex vivo expanded CD47CD25* tTregs and conventional (conv) CD4* T cells (CD4* CD25
cells) isolated from C57BL/6 spleens were stimulated with biotin-conjugated anti-CD3
crosslinked with avidin for 0, 15, or 30 min. (A, B) tTregs and conv cells were analyzed by
western blot analysis. Blots are representative of three independent experiments. (C) Real-
time PCR assays for expression of Rasgro/ mMRNAby conventional (CD4*CD257) and tTregs
(CD4* CD25%). The relative amount of mMRNA was determined using gapah gene expression
as a reference, *p<0.005 Student’s #test. The data are representative of two independent

experiments.
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Regulation of RasGRPI expression by TGF-f. (A) CD4* CD25* Tregs and CD4* CD25
conventional T cells were isolated from spleens of C57BL/6 mice and stimulated with anti-
CD3/28 coated beads for 7 days in the presence of IL-2. Cells harvested at day 0 and day 7
were lysed in SDS sample buffer for western blot analysis using anti-RasGRPI and anti-p
actin antibodies. (B) CD4*CD25" T cells were stimulated with plate-bound anti-CD3 and
soluble anti-CD28 antibodies in the presence or absence of TGF-f supplemented with IL-2.
After 3 days of stimulation, cells were harvested to remove stimulation and were further
cultured in the presence of TGF-B and IL-2 and analyzed by western blot (C) CD4*25*
Tregs were expanded ex vivo for 7 days with anti-CD3 and anti-CD28 coated beads in the
presence of IL-2. After 7 days, cells were re-stimulated on anti-CD3 and anti-CD28 coated
plates in the presence of IL-2 and a TGF-p type | kinase inhibitor (SB-431542) or DMSO
control. Cells were harvested 5 days after stimulation and lysed in SDS sample buffer then
western blot analysis was performed using anti-RasGRPI, anti-Foxp3, and anti-p actin
antibodies. (A-C) Blots are representative of three independent experiments. (D) Relative
intensity of RasGRPI and Foxp3 in SB-431542 treated Tregs compared to normalized DMSO
control. B-actin was used as a loading control. Four spleens were pooled for each
independent experiment. Data are shown as mean + SD (7= 3) and are representative of
three independent experiments. Student’s #test, RasGRPI p= 0.016; Foxp3 p =0.157.
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Figure 3.
Comparison of PICA between RasGRPI sufficient and deficient conventional CD4* T cells.

Conventional CD4" T cells (CD4* CD25 T cells) isolated from the spleens of RasGRP/
knockout mice (RasgrpI~'~) or littermate controls, (RasgroI*'* or */=) were stimulated with
plate- bound anti-CD3/anti-CD28 antibodies supplemented with IL-2. (A, B) Cells were
harvested at day 4. Cells were stained with Annexin V (FITC) and 7AAD and analyzed by
flow cytometry (A). (B) The total number of live cells was determined by Trypan blue
exclusion. (A, B) The data are representative of four independent experiments, where two or
three spleens were pooled for each experiment.
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