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Abstract: The forkhead family transcription factor FOXP3 is critical for the differentiation and function of CD4+ CD25+ 
regulatory T cells (Treg). How FOXP3 protein level is negatively regulated under the inflammatory microenvironment 
is largely unknown. Here we report that the combination of transforming growth factor-beta (TGF-β) and IL-6 treat-
ment (IL-6/TGF-β) can synergistically downregulate FOXP3 at the posttranslational level by promoting FOXP3 protein 
degradation. In our FOXP3 overexpression model, we found that IL-6/TGF-β treatment upregulated IL-6R expression 
but did not affect the stability of FOXP3 mRNA. Moreover, we found that the proteasome inhibitor MG132 could 
inhibit IL-6/TGF-β-mediated downregulation of FOXP3 protein, which reveals a potential pathway for modulating Treg 
activity by preventing FOXP3 degradation during inflammation.
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Introduction

Naïve CD4+ T cells can be differentiated into 
various effector cell types, including T helper 1 
(Th1), Th2, Th9, Th17 and induced regulatory T 
(iTreg) cells, all of which polarize according to 
the local cytokine environment in which  
they are stimulated [1]. Th17 cells are proin-
flammatory, characterized by the production of 
inflammatory cytokines such as interleukin (IL)-
17, IL-6 and tumor necrosis factor (TNF), which 
are not only involved in mediating host defense 
mechanisms but can also promote the develop-
ment of autoimmune disease [2]. In contrast, 
iTreg cells, marked by expression of the fork-
head/winged helix transcription factor fork-
head box P3 (FOXP3) are capable of suppress-
ing autoimmunity and can limit excessive tissue 
damage due to inflammation [3]. Transforming 
growth factor-β (TGF-β), along with T cell recep-
tor stimulation, is required for the induction of 
FOXP3 expression in conventional T cells to 
become fully differentiated into iTreg cells [4-7]. 

TGF-β, in conjunction with IL-6, stimulates the 
differentiation of Th17 cells where IL-6 signal-

ing inhibits the generation of FOXP3+ Treg cells 
induced by TGF-β [8, 9]. The vitamin A metabo-
lite retinoic acid, as a key regulator of TGF-β-
dependent immune responses, can inhibits 
IL-6-driven induction of Th17 cells, promote 
iTreg cell differentiation and prevent nTreg to 
Th17 cell conversion [10-12]. Previous studies 
have reported that IL-1β and IL-6, but not TGF-
β, are responsible for Th17 differentiation in 
humans [13], but others have suggested that 
TGF-β dosage plays an essential role in the dif-
ferentiation of naïve human CD4+ T cells toward 
the Th17 lineage [14]. Serum-free medium 
seems important for cell culture during in vitro 
T cell differentiation [15] as serum may contain 
traceable amounts of TGF-β. Furthermore, 
TGF-β can upregulate the expression of the IL-6 
receptor [10], inhibit the production of IL-4, 
IFN-γ and suppressor of cytokine signaling 3 
(SOCS3) [16, 17]-a major negative feedback 
regulator of the STAT3 signaling pathway.

IL-6 trans-signaling can augment the expres-
sion of the TGF-β signaling inhibitor SMAD7 
which renders naïve CD4+ T cells resistant to 
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the induction of FOXP3 [18]. At present, the  
exact molecular mechanisms underlying IL-6 
and TGF-β-mediated regulation of Th17 differ-
entiation remain unclear. Here, we used a 
FOXP3 overexpression system to demonstrate 
that the combination of TGF-β and IL-6 (IL-6/
TGF-β) signaling can directly mediate the degra-
dation of FOXP3 protein. We also show how the 
ubiquitin-proteasome pathway [19, 20] is 
involved in this process, since the proteasome 
inhibitor MG132 circumvented IL-6/TGF-β-
mediated FOXP3 degradation. Our finding may 
have important implications for understanding 
the molecular mechanisms underlying the dif-
ferential plasticity between Treg cell subsets 
with Th17 and other T effector cell types.

Materials and methods

Antibodies and reagents

The following antibodies were used: anti- 
CD4-FITC (Biolegend, 300506), anti-CD25- 
PE (Biolegend, 317706), anti-CD127-PE/ 
Cy7 (ebioscience, 25-1278-41), anti-HA (Santa 
Cruz, USA, F-7), anti-IL-6RA (Santa Cruz, USA, 
BN-12), anti-STAT3 (Cell Signaling, 79D7), Anti-
pSTAT3 (Cell Signaling, 79D7), anti-β-actin 

Figure 1. Combination of IL-6 and TGF-β leads to the 
downregulation of FOXP3 protein level. FOXP3 level 
was detected in the Jurkat-HA-FOXP3 stable T cell 
line; cells were treated with IL-6 (20ng/ml), TGF-β 
(10ng/ml) or IL-6 (20ng/ml)/TGF-β (10ng/ml) for the 
indicated incubation times. All cells were harvested 
at 24 h and lysed with RIPA buffer. FOXP3 protein 
was detected by Western blotting.

(Sigma AC-15), anti-α-Tubulin (Sungene). 
Recombinant human IL-6 and TGF-β were pur-
chased from R&D Systems. The proteasome 
inhibitor MG132 (474790) was purchased from 
Merck Biosciences and reconstituted in dimeth-
ylsulfoxide (DMSO).

Cell preparation and culture

To isolate Treg cells, human PBMC were stained 
in FACS buffer (PBS 1% FBS) with anti-CD4-
FITC, anti-CD25-PE and anti-CD127-PE/Cy7 for 
30 min on ice, washed, then resuspended in 
3ml FACS buffer. Treg were purified using a 
FACS ARIA II cell sorter (BD). The purity of the 
sorted cells was 95–99%.

The Jurkat-HA-FOXP3 stable cell line was gener-
ated in our laboratory via lentiviral transduc-
tion. HA-FOXP3 is expressed under the control 
of the ubiquitin promoter, and puromycin resis-
tance was used to select for FOXP3+ cells. 
Human Treg cells were cultured in X-VIVO medi-
um (Lonza) supplemented with 10% AB serum, 
1% Glutamax, 1% non-essential amino acids 
(NEAA), 1% sodium pyruvate and 1% penicillin/
streptomycin.

HA-FOXP3-Jurkat cells were cultured in RPMI 
1640 medium supplemented with 10% FBS, 
1% NEAA, 1% sodium pyruvate and 10mM 
HEPES. Cell culture reagents were purchased 
from Invitrogen (Gibco) unless otherwise 
indicated.

Western blotting

Stimulation of HA-FOXP3-Jurkat T cells: cells 
(5x105) were seeded into 6-well plates then 
stimulated with IL-6, TGF-β or the combination 
of TGF-β and IL-6 treatment (IL-6/TGF-β) for 0 h, 
0.5 h, 2 h, 4 h, 12 h or 24 h. The cells were then 
harvested, washed and lysed with RIPA buffer 
(20mM Tris-Hcl, 150mM NaCl, 1mM NaEDTA, 
1% NP-40, 0.5% NaDoc, 10% Glycerol), supple-
mented with protease inhibitor cocktail (0.1M 
PMSF, 1M NaF, 1mM Na3VO4, Roche). Cell 
lysates were subsequently treated with 2X SDS 
loading buffer and then separated on SDS-
PAGE before being transferred onto nitrocellu-
lose membranes. After blocking (PBS-Tween 
5% milk), the membranes were probed with  
HRP-conjugated anti-mouse HA mAb (F-7)  
then treated with ECL Solution (Millipore). To 
confirm sample loading and transfer efficiency, 
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membranes were reprobed with anti-β-actin/α-
Tubulin antibody. To detect STAT3 or phosphor-
ylated STAT3 (pSTAT3), HA-FOXP3-Jurkat T cells 
(1×106) were cultured in 6-well plates and treat-
ed with IL-6 or IL-6/TGF-β. For pSTAT3 detec-
tion, we used 5% BSA to block the membranes 
overnight. HA-FOXP3 Jurkat T cells (5x106) were 
also cultured in 6-well plates and treated with 
IL-6/TGF-β/MG132 or IL-6/TGF-β/DMSO for 0 
h, 12 h and 24 h.

Flow cytometry

HA-FOXP3-Jurkat T cells (5x105) were cultured 
in 12-well plates. To confirm IL-6R expression, 
cells were stimulated with IL-6, TGF-β or IL-6/
TGF-β for 0 h and 12 h. Cells were then har-
vested and incubated with anti-IL-6R mAb for 
1h, washed with PBS, then labeled with a 
PE-conjugated secondary mAb (A21422, 
Invitrogen). All samples were acquired and ana-
lyzed on an LSR II flow cytometer (Becton 
Dickenson) and FlowJo software (Tree Star), 
respectively. 

Quantitative real-time PCR

Human Treg (1x106) were cultured in 
12-well plates and treated with IL-6/
TGF-β for 0 h, 12 h or 24 h. Jurkat-HA-
FOXP3 T cells (1x106) were cultured in 
12-well plates and treated with IL-6, 
TGF-β or IL-6/TGF-β for 0 h, 12 h or 24 h. 
Cells were then harvested at 24 h and 
total RNA was extracted using Trizol 
Reagent (Invitrogen). Complementary 
DNA (cDNA) was prepared from 1μg of 
total RNA using the PrimeScript RT 
reagent kit (TaKaRa). 

FOXP3 forward primer: 5’-TCCCAGAGT- 
TCCTCCACAAC-3’; FOXP3 reverse primer: 
5’-ATTGAGTGTCCGCTGCTTCT-3’; β-actin-
forward primer: 5’-GGACTTCGAGCAA- 
GAGATGG-3’; β-actin-reverse primer: 
5’-AGCACTGTGTTGGCGTACAG-3’; mRNA 
levels of FOXP3 were assessed relative 
to β-actin mRNA levels by quantitative 
RT-PCR (ABI, 7900HT) using the SYBR 
Premix Ex Taq Reagent (TaKaRa).

Results

Synergy between IL-6 and TGF-β signal-
ing downregulates FOXP3 expression

Given that IL-6 and TGF-β induces the differen-
tiation of Th17 cells from naïve CD4 T cells, we 
sought to address the direct effect of IL-6 and 
TGF-β signaling on FOXP3 expression and pro-
tein stability. We constructed a HA-FOXP3 
Jurkat stable cell line and treated these cells 
with IL-6, TGF-β or their combination (IL-6/TGF-
β) for different time-points. FOXP3 expression 
level was then detected by Western blotting. 
FOXP3 expression level had no change by IL-6 
or TGF-β treatment alone, but IL-6/TGF-β co-
treatment downregulated FOXP3 protein level 
after 12 h stimulation (Figure 1). As FOXP3 pro-
tein expression was under the control of the 
ubiquitin promoter, rather than its natural pro-
moter, this suggests that the change in FOXP3 
expression in our system was directed at the 
protein level.

IL-6/TGF-β treatment significantly downregu-
lates FOXP3 mRNA in human nTreg, but not in 
HA-FOXP3-Jurkat T cells

To further determine whether the changes in 
FOXP3 protein expression occurred at the pro-

Figure 2. IL-6/TGF-β downregulates FOXP3 mRNA in human 
primary nTreg cells but not HA-FOXP3-Jurkat T cells. A. Jurkat-
HA-FOXP3 T cells were treated with IL-6 (20ng/ml), TGF-β 
(10ng/ml) or IL-6 (20ng/ml)/TGF-β (10ng/ml) for 0h, 12h or 
24h. B. Human nTreg cells were treated with IL-6 (20ng/ml)/
TGF-β (10ng/ml) for 0h, 12h or 24h. FOXP3 mRNA expression 
was examined by quantitative Real-Time PCR.
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tein level, we evaluated FOXP3 mRNA expres-
sion in cells treated with IL-6/TGF-β. The 
HA-FOXP3-Jurkat T cells were treated with IL-6/
TGF-β, IL-6 only or TGF-β only. FOXP3 mRNA 
level was detected by RT-PCR (Figure 2A). We 
found that TGF-β alone, or in combination with 
IL-6, had no effect on FOXP3 mRNA levels. 
However, IL-6 modestly induced FOXP3 mRNA 
level at 24 h. Primary nTregs from human 
PBMC, treated with IL-6/TGF-β, downregulated 
FOXP3 mRNA level as detected by RT-PCR 
(Figure 2B). These data suggest that in our 
model, IL-6/TGF-β-mediated downregulation of 
FOXP3 protein was not due to the regulation of 
FOXP3 expression at the mRNA level.

The combination of TGF-β and IL-6 is a prereq-
uisite for the upregulation of the IL-6 receptor 
in the Jurkat T cell line

As TGF-β enhances IL-6-induced STAT3 activa-
tion by upregulating the expression of the 
murine IL-6 receptor (IL-6R) [6], we decided to 
treat HA-FOXP3 Jurkat T cells with IL-6 in the 
presence or absence of TGF-β, or TGF-β alone, 
to analyze the expression of human IL-6R in 
these cells. By flow cytometry, we found that 
IL-6 or TGF-β treatment alone could not increase 
the surface expression of IL-6R (alpha chain); 
however, the surface expression of IL-6R was 
enhanced at 12 h after IL-6/TGF-β treatment 
(Figure 3). This result coincides with the above 
observations which showed how FOXP3 levels 
started to reduce after 12 h of IL-6/TGF-β 
treatment.

IL-6/TGF-β co-treatment significantly downreg-
ulates the protein level of FOXP3 and activates 

STAT3

To test the potential downstream signals that 
affected FOXP3 protein levels, we tested the 
expression of STAT3 upon IL-6/TGF-β treat-
ment. Although FOXP3 level was downregulat-
ed, STAT3 levels showed little change (Figure 
4A). We also observed a higher degree of STAT3 
phosphorylation (pSTAT3) when cells were 
treated with IL-6/TGF-β compared to IL-6 alone 
(Figure 4B). This could be due to the upregula-
tion and sustaining of IL-6R expression and sig-
naling, respectively.

MG132 inhibits IL-6/TGF-β-mediated down-
regulation of FOXP3

As the ubiquitin-proteasome and autophagy-
lysosome pathways are the two main routes of 
protein and organelle degradation in eukaryotic 
cells [21], we hypothesized that the decrease in 
FOXP3 expression was due to FOXP3 protein 
degradation via the proteasome. We treated 
HA-FOXP3 Jurkat T cells with IL-6/TGF-β/
MG132 for 12 h, with DMSO as a control. We 
found that the proteasome inhibitor MG132, 
but not the DMSO control, could inhibit IL-6/
TGF-β-mediated downregulation of FOXP3 
expression (Figure 4C). Our data suggests that 
FOXP3 protein is degraded by the ubiquitin-pro-
teasome-dependent pathway upon IL-6/TGF-β 
treatment.

Discussion

FOXP3 plays an important role in the differen-
tiation and function of regulatory T cells [22]. In 
humans, mutations in the FOXP3 gene lead to 

Figure 3. IL-6/TGF-β up-
regulates IL-6R expres-
sion. HA-FOXP3-Jurkat 
T cells were treated 
with IL-6 (20ng/ml), 
TGF-β (10ng/ml) or 
IL-6 (20ng/ml)/TGF-β 
(10ng/ml) for 0h or 
12h. Cells were har-
vested and then sub-
jected to surface stain-
ing for human IL-6R. 
IL-6R expression was 
then determined by 
flow cytometry.
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the development of the fatal autoimmune dis-
ease Immunodysregulation Polyendocri-
nopathy Enteropathy X-linked syndrome (IPEX). 
Previous studies have found that TGF-β, retino-
ic acid and IL-2 serve to maintain or upregulate 
FOXP3 transcription and Treg function [4, 10, 
23]. In contrast, IL-6, IL-4, IL-27 and IL-21 are 
negative regulators of TGF-β-induced FOXP3 
expression [23-28]. However, few studies have 

investigated the direct role of these signal-
ing pathways on the post-translational con-
trol of FOXP3 expression. 

Although it has been previously shown how 
IL-6 promotes nTreg to Th17 conversion, 
and how this process depends on TGF-β 
receptor signaling [29], we show a compli-
mentary system of how TGF-β and IL-6, act-
ing in concert, promotes the degradation of 
FOXP3 protein. It still remains unclear as to 
which signaling pathways are directly 
involved in FOXP3 degradation. CD4+ T cells 
stimulated with TGF-β significantly increase 
the activation of ERK and JNK but not p38; 
but unlike Foxp3+ iTreg cell differentiation, 
Th17 cell development induced by TGF-β 
and IL-6 requires the JNK and p38 MAPK 
pathways [30]. Whether FOXP3 protein deg-
radation is associated with the JNK and 
p38 MAPK pathways requires further 
investigation. 

There is a reciprocal relationship between 
iTreg and Th17 cell differentiation and func-
tion, where IL-6 has a pivotal role in dictat-
ing the balance between these two cell 
populations [31, 32]. STAT3 is a transcrip-
tion factor critical for Th17 differentiation 
and regulates the expression of retinoic 
acid receptor-related orphan receptor γt 
(RORγt). RORγt is a key transcription factor 
for the differentiation of Th17 cells that can 
induce the transcription of the genes encod-
ing for IL-17a and IL-17F in naïve CD4+ T 
helper cells [33, 34]. The inhibitory effect of 
IL-6 on FOXP3 expression is dependent on 
STAT3 [24]. However, FOXP3 can interact 
with phosphorylated STAT3, and is neces-
sary for Treg cell suppressive function 
towards Th17 responses [35]. Here we 
show that IL-6/TGF-β signals have no effect 
on STAT3 protein level, but they can pro-
mote the activation of STAT3 more rapidly 
than IL-6 alone. This process could be 

Figure 4. IL-6/TGF-β downregulates FOXP3 protein level, ac-
tivates STAT3, and FOXP3 expression is rescued by the pro-
teasome inhibitor MG132. A. HA-FOXP3-Jurkat T cells were 
treated with IL-6 (20ng/ml) or IL-6 (20ng/ml)/TGF-β (10ng/ml) 
for the indicated incubation times. Cells were then harvested 
and lysed with RIPA buffer. FOXP3 and STAT3 expression was 
detected by Western Blotting. B. HA-FOXP3-Jurkat T cells were 
treated with IL-6 (20ng/ml) or IL-6 (20ng/ml)/TGF-β (10ng/ml) 
for the indicated incubation times. Cells were harvested and 
then lysed with RIPA buffer and the corresponding markers 
detected by Western Blotting. C. HA-FOXP3-Jurkat T cells were 
treated with IL-6 (20ng/ml)/TGF-β (10ng/ml)/DMSO or IL-6 
(20ng/ml)/TGF-β (10ng/ml)/MG132 (5µmol/ml) for the indi-
cated incubation times. Cells were harvested, and then lysed 
with 2x SDS loading buffer. Samples were then separated via 
PAGE and FOXP3 protein level detected by Western Blotting.

explained by the upregulation of IL-6R by 
TGF-β.

TGF-β can induce both FOXP3 and RORγt 
expression in CD4+ T cells but FOXP3 can inhib-
it RORγt function. IL-6 treatment alone has 
been shown to induce low levels of RORγt but 
the addition of TGF-β greatly enhances RORγt 
expression [36, 37]. The degradation of FOXP3 
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induced by TGF-β/IL-6 signaling may release 
the negative regulation of RORγt activation by 
FOXP3 and thus lead to Th17 cell differentia-
tion. It has been reported that upon activation, 
Treg cells produce high amounts of TGF-β, and 
with the addition of IL-6, CD4+CD25-FOXP3- T 
cells are able to differentiate into Th17 cells; 
Treg cells themselves may also differentiate 
into Th17 cells in the presence IL-6 due to the 
loss of FOXP3 expression [38]. Although it is 
still unclear at present, this phenomenon may 
be partly due to the direct control of FOXP3 pro-
tein degradation. We constructed a ubiquitin 
promoter driven FOXP3-expressing Jurkat sta-
ble cell line, as this allowed us to analyze the 
modulation of FOXP3 expression at the post-
transcription level. Using this stable cell line, it 
excluded the possibility that any modulation in 
FOXP3 protein expression was due to changes 
in gene regulation. Although IL-6/TGF-β down-
regulated FOXP3 mRNA in primary nTregs, we 
consistently found little or no effect on the 
expression level of FOXP3 mRNA in our FOXP3 
Jurkat cell line. However, a slight upregulation 
of FOXP3 mRNA expression was observed upon 
IL-6 treatment. 

Post-translational regulation is crucial for mod-
ulating FOXP3 stability and function. FOXP3 
acetylation can regulate its protein level by 
impairing proteasome-mediated Foxp3 degra-
dation, but little is known regarding the differ-
ent modifications to which FOXP3 can be sub-
jected, as well as the mediators that regulate 
these modifications [39]. Our previous studies 
indicated that short time treatment (4 h) by 
IL-6/TGF-β could downregulate the association 
of FOXP3 to chromatin, which could be reversed 
by HDAC inhibitors [40]. Here we found that a 
longer treatment with IL-6/TGF-β for 12 h could 
upregulate IL-6R expression, promote the 
downregulation of FOXP3, and could be pre-
vented by the proteasome inhibitor MG132. 
Protein ubiquitination can be mediated by ubiq-
uitin-activating enzymes (E1), ubiquitin conju-
gating enzymes (E2), and ubiquitin ligases (E3). 
In naïve CD4+ T cells, IL-6 stimulation induces 
the expression of the E3 ubiquitin ligase 
MARCH-7 to downregulate the IL-6 superfamily 
member LIF receptor gp190 [41]. We propose 
that FOXP3 can be modified with ubiquitin, 
which in turn leads to its degradation as MG132 
could inhibit IL-6/TGF-β-mediated FOXP3 deg-
radation. It should be of great interest to eluci-

date the E3 ligase responsible for this process 
as it may serve as a target to regulate FOXP3 
expression and Treg function.

Abbreviations

Treg: Regulatory T cells; IL-6: Interleukin 6; TGF-
β: Transforming growth factor beta.

Acknowledgements

We would like to thank our lab members Fang 
Lin, Jing Zhang, Chen Chen, Zhao Shan, Jia Nie, 
Yangyang Li and Jing Yang for their technical 
support and helpful suggestions. 

Financial support

Our research is partially supported by NSFC 
30972702, NSFC31170825, NIH-NSFC collab-
orative grant 81161120417, 
SMCST09JC1416100, Shanghai Pasteur 
Foundation, Shanghai “Rising Star” program 
10QA1407900, NN-CAS Foundation, and the 
CAS network lab program, and the Knowledge 
Innovation Program of Shanghai Institutes for 
Biological Sciences, Chinese Academy of 
Sciences. B. Li is a recipient of CAS “100-tal-
ent” program. A. Tsun is a recipient of CAS 
“International Young Scientist Fellowship” and 
supported by NSFC 31050110129, NSFC 
31200647. and the Knowledge Innovation 
Program of Shanghai Institutes for Biological 
Sciences, Chinese Academy of Sciences 
2012KIP204. We gratefully acknowledge the 
support of the Sanofi-Aventis-Shanghai 
Institutes for Biological Sciences scholarship 
program.

Address correspondence to: Dr. Andy Tsun, Or: Dr. 
Bin Li, Key Laboratory of Molecular Virology & 
Immunology, Unit of Molecular Immunology, Institut 
Pasteur of Shanghai, Shanghai Institutes for 
Biological Sciences, Chinese Academy of Sciences, 
411 Hefei Road (South), Shanghai, 200025, China 
Andy Tsun E-mail: andy@sibs.ac.cn or Bin Li E-mail: 
binli@sibs.ac.cn

References

[1]	 Zhu J and Paul WE. CD4 T cells: fates, func-
tions, and faults. Blood 2008; 112: 1557-
1569.

[2]	 Langrish CL, Chen Y, Blumenschein WM, Matt-
son J, Basham B, Sedgwick JD, McClanahan T, 
Kastelein RA and Cua DJ. IL-23 drives a patho-
genic T cell population that induces autoim-

mailto:andy@sibs.ac.cn
mailto:andy@sibs.ac.cn


IL-6, TGF-β and FOXP3 degradation

632	 Int J Clin Exp Pathol 2012;5(7):626-633

mune inflammation. J Exp Med 2005; 201: 
233-240.

[3]	 Fontenot JD, Gavin MA and Rudensky AY. Foxp3 
programs the development and function of 
CD4+CD25+ regulatory T cells. Nat Immunol 
2003; 4: 330-336.

[4]	 Chen W, Jin W, Hardegen N, Lei KJ, Li L, Mari-
nos N, McGrady G and Wahl SM. Conversion of 
peripheral CD4+CD25- naive T cells to 
CD4+CD25+ regulatory T cells by TGF-beta in-
duction of transcription factor Foxp3. J Exp 
Med 2003; 198: 1875-1886.

[5]	 Lan Q, Fan H, Quesniaux V, Ryffel B, Liu Z and 
Zheng SG. Induced Foxp3(+) regulatory T cells: 
a potential new weapon to treat autoimmune 
and inflammatory diseases? J Mol Cell Biol 
2012; 4: 22-28.

[6]	 Zheng SG, Gray JD, Ohtsuka K, Yamagiwa S 
and Horwitz DA. Generation ex vivo of TGF-be-
ta-producing regulatory T cells from 
CD4+CD25- precursors. J Immunol 2002; 169: 
4183-4189.

[7]	 Mantel PY, Ouaked N, Ruckert B, Karagiannidis 
C, Welz R, Blaser K and Schmidt-Weber CB. 
Molecular mechanisms underlying FOXP3 in-
duction in human T cells. J Immunol 2006; 
176: 3593-3602.

[8]	 Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, 
Oukka M, Weiner HL and Kuchroo VK. Recipro-
cal developmental pathways for the generation 
of pathogenic effector TH17 and regulatory T 
cells. Nature 2006; 441: 235-238.

[9]	 Kong N, Lan Q, Chen M, Wang J, Shi W, Horwitz 
DA, Quesniaux V, Ryffel B, Liu Z, Brand D, Zou 
H and Zheng SG. Antigen-specific TGF-beta-in-
duced regulatory T cells but not natural Tregs 
ameliorate autoimmune arthritis by shifting 
the balance of Th17 toward Treg cells. Arthritis 
Rheum 2012. 

[10]	 Xiao S, Jin H, Korn T, Liu SM, Oukka M, Lim B 
and Kuchroo VK. Retinoic acid increases 
Foxp3+ regulatory T cells and inhibits develop-
ment of Th17 cells by enhancing TGF-beta-driv-
en Smad3 signaling and inhibiting IL-6 and IL-
23 receptor expression. J Immunol 2008; 181: 
2277-2284.

[11]	 Zhou X, Kong N, Wang J, Fan H, Zou H, Horwitz 
D, Brand D, Liu Z and Zheng SG. Cutting edge: 
all-trans retinoic acid sustains the stability and 
function of natural regulatory T cells in an in-
flammatory milieu. J Immunol 2010; 185: 
2675-2679.

[12]	 Lu L, Ma J, Li Z, Lan Q, Chen M, Liu Y, Xia Z, 
Wang J, Han Y, Shi W, Quesniaux V, Ryffel B, 
Brand D, Li B, Liu Z and Zheng SG. All-trans 
retinoic acid promotes TGF-beta-induced Tregs 
via histone modification but not DNA demethyl-
ation on Foxp3 gene locus. PLoS One 2011; 6: 
e24590.

[13]	 Acosta-Rodriguez EV, Napolitani G, Lanzavec-
chia A and Sallusto F. Interleukins 1beta and 6 
but not transforming growth factor-beta are es-
sential for the differentiation of interleukin 
17-producing human T helper cells. Nat Immu-
nol 2007; 8: 942-949.

[14]	 O’Garra A, Stockinger B and Veldhoen M. Dif-
ferentiation of human T(H)-17 cells does re-
quire TGF-beta! Nat Immunol 2008; 9: 588-
590.

[15]	 Manel N, Unutmaz D and Littman DR. The dif-
ferentiation of human T(H)-17 cells requires 
transforming growth factor-beta and induction 
of the nuclear receptor RORgammat. Nat Im-
munol 2008; 9: 641-649.

[16]	 Veldhoen M, Hocking RJ, Atkins CJ, Locksley 
RM and Stockinger B. TGFbeta in the context of 
an inflammatory cytokine milieu supports de 
novo differentiation of IL-17-producing T cells. 
Immunity 2006; 24: 179-189.

[17]	 Qin H, Wang L, Feng T, Elson CO, Niyongere SA, 
Lee SJ, Reynolds SL, Weaver CT, Roarty K, Ser-
ra R, Benveniste EN and Cong Y. TGF-beta pro-
motes Th17 cell development through inhibi-
tion of SOCS3. J Immunol 2009; 183: 97-105.

[18]	 Dominitzki S, Fantini MC, Neufert C, Nikolaev 
A, Galle PR, Scheller J, Monteleone G, Rose-
John S, Neurath MF and Becker C. Cutting 
edge: trans-signaling via the soluble IL-6R ab-
rogates the induction of FoxP3 in naive 
CD4+CD25 T cells. J Immunol 2007; 179: 
2041-2045.

[19]	 Ciechanover A and Schwartz AL. The ubiquitin-
proteasome pathway: the complexity and myri-
ad functions of proteins death. Proc Natl Acad 
Sci USA 1998; 95: 2727-2730.

[20]	 D’Andrea A and Pellman D. Deubiquitinating 
enzymes: a new class of biological regulators. 
Crit Rev Biochem Mol Biol 1998; 33: 337-352.

[21]	 Rubinsztein DC. The roles of intrace- 
llular protein-degradation pathways in neuro-
degeneration. Nature 2006; 443: 780-786.

[22]	 Schubert LA, Jeffery E, Zhang Y, Ramsdell F 
and Ziegler SF. Scurfin (FOXP3) acts as a re-
pressor of transcription and regulates T cell 
activation. J Biol Chem 2001; 276: 37672-
37679.

[23]	 Fontenot JD, Rasmussen JP, Gavin MA and 
Rudensky AY. A function for interleukin 2 in 
Foxp3-expressing regulatory T cells. Nat Immu-
nol 2005; 6: 1142-1151.

[24]	 Yao Z, Kanno Y, Kerenyi M, Stephens G, Durant 
L, Watford WT, Laurence A, Robinson GW, She-
vach EM, Moriggl R, Hennighausen L, Wu C 
and O’Shea JJ. Nonredundant roles for 
Stat5a/b in directly regulating Foxp3. Blood 
2007; 109: 4368-4375.

[25]	 Chen X, Das R, Komorowski R, Beres A, Hess-
ner MJ, Mihara M and Drobyski WR. Blockade 



IL-6, TGF-β and FOXP3 degradation

633	 Int J Clin Exp Pathol 2012;5(7):626-633

of interleukin-6 signaling augments regulatory 
T-cell reconstitution and attenuates the sever-
ity of graft-versus-host disease. Blood 2009; 
114: 891-900.

[26]	 Korn T, Bettelli E, Gao W, Awasthi A, Jager A, 
Strom TB, Oukka M and Kuchroo VK. IL-21 initi-
ates an alternative pathway to induce proin-
flammatory T(H)17 cells. Nature 2007; 448: 
484-487.

[27]	 Neufert C, Becker C, Wirtz S, Fantini MC, Weig-
mann B, Galle PR and Neurath MF. IL-27 con-
trols the development of inducible regulatory T 
cells and Th17 cells via differential effects on 
STAT1. Eur J Immunol 2007; 37: 1809-1816.

[28]	 Mantel PY, Kuipers H, Boyman O, Rhyner C, 
Ouaked N, Ruckert B, Karagiannidis C, 
Lambrecht BN, Hendriks RW, Crameri R, Akdis 
CA, Blaser K and Schmidt-Weber CB. GATA3-
driven Th2 responses inhibit TGF-beta1-
induced FOXP3 expression and the formation 
of regulatory T cells. PLoS Biol 2007; 5: e329.

[29]	 Zheng SG, Wang J and Horwitz DA. Cutting 
edge: Foxp3+CD4+CD25+ regulatory T cells 
induced by IL-2 and TGF-beta are resistant to 
Th17 conversion by IL-6. J Immunol 2008; 180: 
7112-7116.

[30]	 Lu L, Wang J, Zhang F, Chai Y, Brand D, Wang X, 
Horwitz DA, Shi W and Zheng SG. Role of SMAD 
and non-SMAD signals in the development of 
Th17 and regulatory T cells. J Immunol 2010; 
184: 4295-4306.

[31]	 Laurence A, Tato CM, Davidson TS, Kanno Y, 
Chen Z, Yao Z, Blank RB, Meylan F, Siegel R, 
Hennighausen L, Shevach EM and O’Shea JJ. 
Interleukin-2 signaling via STAT5 constrains T 
helper 17 cell generation. Immunity 2007; 26: 
371-381.

[32]	 Mucida D, Park Y, Kim G, Turovskaya O, Scott I, 
Kronenberg M and Cheroutre H. Reciprocal 
TH17 and regulatory T cell differentiation 
mediated by retinoic acid. Science 2007; 317: 
256-260.

[33]	 Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, 
Lepelley A, Lafaille JJ, Cua DJ and Littman DR. 
The orphan nuclear receptor RORgammat 
directs the differentiation program of 
proinflammatory IL-17+ T helper cells. Cell 
2006; 126: 1121-1133.

[34]	 Yang XO, Pappu BP, Nurieva R, Akimzhanov A, 
Kang HS, Chung Y, Ma L, Shah B, Panopoulos 
AD, Schluns KS, Watowich SS, Tian Q, Jetten 
AM and Dong C. T helper 17 lineage 

differentiation is programmed by orphan 
nuclear receptors ROR alpha and ROR gamma. 
Immunity 2008; 28: 29-39.

[35]	 Chaudhry A, Rudra D, Treuting P, Samstein RM, 
Liang Y, Kas A and Rudensky AY. CD4+ 
regulatory T cells control TH17 responses in a 
Stat3-dependent manner. Science 2009; 326: 
986-991.

[36]	 Zhou L, Lopes JE, Chong MM, Ivanov II, Min R, 
Victora GD, Shen Y, Du J, Rubtsov YP, Rudensky 
AY, Ziegler SF and Littman DR. TGF-beta-
induced Foxp3 inhibits T(H)17 cell 
differentiation by antagonizing RORgammat 
function. Nature 2008; 453: 236-240.

[37]	 Ichiyama K, Yoshida H, Wakabayashi Y, Chinen 
T, Saeki K, Nakaya M, Takaesu G, Hori S, 
Yoshimura A and Kobayashi T. Foxp3 inhibits 
RORgammat-mediated IL-17A mRNA 
transcription through direct interaction with 
RORgammat. J Biol Chem 2008; 283: 17003-
17008.

[38]	 Xu L, Kitani A, Fuss I and Strober W. Cutting 
edge: regulatory T cells induce CD4+CD25-
Foxp3- T cells or are self-induced to become 
Th17 cells in the absence of exogenous TGF-
beta. J Immunol 2007; 178: 6725-6729.

[39]	 van Loosdregt J, Vercoulen Y, Guichelaar T, 
Gent YY, Beekman JM, van Beekum O, 
Brenkman AB, Hijnen DJ, Mutis T, Kalkhoven E, 
Prakken BJ and Coffer PJ. Regulation of Treg 
functionality by acetylation-mediated Foxp3 
protein stabilization. Blood 2010; 115: 965-
974.

[40]	 Samanta A, Li B, Song X, Bembas K, Zhang G, 
Katsumata M, Saouaf SJ, Wang Q, Hancock 
WW, Shen Y and Greene MI. TGF-beta and IL-6 
signals modulate chromatin binding and 
promoter occupancy by acetylated FOXP3. 
Proc Natl Acad Sci USA 2008; 105: 14023-
14027.

[41]	 Gao W, Thompson L, Zhou Q, Putheti P, Fahmy 
TM, Strom TB and Metcalfe SM. Treg versus 
Th17 lymphocyte lineages are cross-regulated 
by LIF versus IL-6. Cell Cycle 2009; 8: 1444-
1450.


