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Abstract: NK1.1-CD4+NKG2D+ cells exert their immune-regulatory function in tumor as an unconventional regulatory 
T cell subset through the production of TGF-β1; however, the molecular mechanisms involving with the activation 
of nuclear factors for TGF-β1 transcription remain unclear. Here we determined that the PI3K-p85α subunit was 
specifically activated in NK1.1-CD4+NKG2D+ cells following an 8-hour stimulation by sRAE-1 or α-CD3/sRAE-1, sub-
sequently leading to the activation of PI3K-p110, Akt, and JNK. On the contrary, α-CD3/α-CD28 stimulation did not 
induce the activation of PI3K-p85 and JNK. Consequently, activation of the nuclear transcription factor AP-1 as a 
consequence of JNK activation regulated TGF-β1 expression in NK1.1-CD4+NKG2D+ cells. Furthermore, activation of 
NF-κB in NK1.1-CD4+NKG2D+ cells resulted from both protein kinase C activation downstream of TCR/CD3 signaling 
and PI3K activation induced by NKG2D engagement. The STAT3-Y705 phosphorylation, as activated by PI3K, under 
stimulations of the sRAE-1 or α-CD3/sRAE-1 also contributed to the TGF-β1 expression in NK1.1-CD4+NKG2D+ cells. 
Moreover, ChIP assay confirmed that STAT3 was capable of binding with the promoter regions of TGF-β1. In conclu-
sion, our data showed that the TGF-β1 transcription in NK1.1-CD4+NKG2D+ cells induced by sRAE-1 or α-CD3/sRAE-
1 was involved with the AP-1, NF-κB, and STAT3 signaling pathways; therefore, regulation of AP-1, NF-κB, and STAT3 
activation may play important roles in the development and function of NK1.1-CD4+NKG2D+ cells.
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Introduction

Regulatory T cells (Tregs) are important lympho-
cytes that maintain immune homeostasis. Be- 
sides conventional Tregs (CD4+CD25+Foxp3+), 
other non-conventional Tregs, including TGF-
β1- and/or IL-10-producing regulatory T sub-
sets, such as CD4+CD25- LAP (latency-associ-
ated peptide)+ [1], CD4+CD25-CD69+ [2], and 
CD4+CD25-CD45RO- LAG3 (lymphocyte activa-
tion gene 3)- cells [3]. CD4+NKG2D+ T cells with 
TGF-β1 production capacity have a role in 
patients bearing with NKG2D ligand-positive 
tumors [4] and in pediatric SLE patients [5]. We 

previously confirmed that increased CD4+NK- 
G2D+ T cell numbers in the pCD86-RAE-1 trans-
genic mice could downregulate the function of 
NK cells [6]. We further divided CD4+NKG2D+ 
cells into two subsets: NK1.1-CD4+NKG2D+ and 
NK1.1+CD4+NKG2D+ cells. The NK1.1-CD4+NK- 
G2D+ T cells also have a protective function in 
mice against DSS-induced colitis. Specifically, 
NK1.1-CD4+NKG2D+ cells highly express TGF-β1 
and Fas ligand with low capacity to secrete IFN-
γ, and lack the expression of IL-17A, IL4, Foxp3, 
granzyme, and perforin [7]. Induction of NK1.1-

CD4+NKG2D+ T cells majorly depends on the 
costimulation of TCR/CD3 and NKG2D recep-
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tors [4]. However, the detailed molecular mech-
anisms of TGF-β1 transcription in this non-con-
ventional Treg subset remain elusive.

After engagement with the MHC-antigenic pep-
tide complex, TCR/CD3 crosslinks and leads to 
activation of ZAP70 (Zeta-chain associated pro-
tein 70) and the adapter protein (LAT). As a con-
sequence, phospholipase C-γ1 (PLC-γ1) is acti-
vated to hydrolyze phosphatidylinositol dipho- 
sphate (PIP2) to inositol-1,4,5-trisphosphate 
(IP3) and diacyl glycerol (DAG). Upon activation 
of calcineurin by IP3, the transcription factor 
NF-AT becomes dephosphorylated and rapidly 
translocates to the nucleus for initiation of 
downstream gene expression. Meanwhile, DAG 
activates protein kinase C (PKC) and the down-
stream NF-κB pathway. Furthermore, ZAP70 
can also activate Ras and mitogen-activated 
protein kinase (MAPK) and promote the genera-
tion of the nuclear transcription factor, AP-1 
(c-Jun and c-Fos complex). Thus, the TCR/CD3 
signaling pathway generally promotes T cell 
activation dependent on NF-AT, NF-κB, and 
AP-1 nuclear factors [8, 9].

NKG2D is an important receptor for NK cell 
activation [10-12]. NKG2D is also expressed in 
CD8+, γδ+, and some CD4+ T cells [12, 13]. 
Human NKG2D ligands are MHC class I chain-
related protein A/B (MICA/MICB) and cytomeg-
alovirus (CMV) UL16-binding proteins (ULBPs), 
which are generally expressed in stressed or 
tumor cells. Mouse NKG2D binds to retinoic 
acid early inducible-1 protein (RAE-1), H60, and 
murine UL16-binding protein-like transcript 
(MULT)-1 [14]. NKG2D transduces activated 
signals mainly via the adaptor protein DAP10 
and/or DAP12. Phosphorylation of adaptor pro-
teins can recruit growth factor binding protein-2 
(Grb-2) and VAV-1. PLC-γ2, which is activated by 
Grb-2/VAV-1, similarly hydrolyzes PIP2 to gener-
ate IP3 and DAG. The YINM motif of DAP10 also 
binds to the p85 subunit of phosphatidylinosi-
tol 3-kinase (PI3K) upon activation, which in 
turn activates downstream molecules, such as 
Akt, Erk, JNK, and p38, and initiates expression 
of downstream genes though nuclear transcrip-
tional factors [15, 16].

Transcription of TGF-β gene can be regulated by 
AP-1 [17, 18], SP-1 [19], NF-κB [18, 20], Egr-1 
(early growth response-1) [21], STAT3 [22, 23], 
and ZF9/core promoter binding protein [24]. 
Here, we sought to determine whether TGF-β1 

transcription in NK1.1-CD4+NKG2D+ cells after 
TCR/CD3 and NKG2D co-engagement was 
involved with AP-1, NF-κB, and STAT3. Addition- 
ally, the preceding molecular events of these 
nuclear factors were also analyzed.

Materials and methods

Cell line and mice

The pCD86-RAE-1ε transgenic mice were gen-
erated as previously described [6]. All animal 
procedures were approved by the Animal Care 
and Use Committee of Yangzhou University. 
The murine colon cancer cell line (MC38) was 
kindly gifted by Dr. Hursting (University of 
Texas-Austin).

Antibodies and reagents

The functional grade purified anti-CD3ε anti-
body (145-2C11) was purchased from BioLe- 
gend (San Diego, CA, USA) and anti-CD28 anti-
body (37.51) was obtained from eBioscience 
(San Diego, CA, USA). The recombinant mouse 
Rae-1ε protein (1135-RA) was obtained from 
R&D systems (Minneapolis, MN, USA). The fol-
lowing antibodies used for flow cytometry were 
obtained from BioLegend: anti-CD4 (GK1.5), 
anti-NKG2D (CX5), and anti-TGF-β1 (TW7-16- 
B4). 7-Amino-Actinomycin D (7-AAD) (BD Bio- 
sciences) was used for exclusion of death cells. 
All antibodies we used for Western blot were 
purchased from Cell Signaling Technology 
(Boston, MA, USA), except p-STAT3 (Ser727) pri-
mary antibody (Merck & Millipore; Billerica, MA, 
USA). SR11302 (TOCRIS; Minneapolis, MN), 
stattic (Selleck Chemicals; Boston, MA, USA), 
cryptotanshinone (Selleck Chemicals), bortezo-
mib (Cell Signaling Technology), and LY294002 
(Cell Signaling Technology) were dissolved in 
dimethyl sulfoxide (DMSO) and stored at -20°C 
until use. SR11032, cryptotanshinone, and 
Bortezomib were all used at 50 μM, while the 
concentrations of LY294002 and stattic were 
respectively 20 μM and 10 μM.

T cell isolation

The pCD86-RAE-1 transgenic mice were inject-
ed subcutaneously with MC38 cells (2×106/
mice) at day 0. At day 21, mice were sacrificed 
and splenic mononuclear cells were prepared. 
Splenic NK1.1-CD4+ T cells were enriched from 
splenic single cell suspension by mouse CD4+ T 
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lymphocyte enrichment set (BD Biosciences) 
following the manufacturer’s instructions, and 
then NKG2D+ T cells were isolated by indirectly 
labeled the cells with PE-conjugated anti-
mouse NKG2D antibody (CX5) and anti-PE Mic- 
roBeads (Miltenyi Biotec GmbH; Bergisch Gla- 
dbach, Germany). Cells were passed through a 
LS column, and the double-positive T cells were 
collected. The purity of NK1.1-CD4+NKG2D+ T 
cells were typically more than 90% as identified 
by flow cytometry.

Cell stimulation

A round bottom 96-well plate was coated with 
anti-CD3 antibody (10 μg/ml) or anti-CD28 anti-
body (5 μg/ml) in PBS at 4°C overnight. NK1.1-

CD4+NKG2D+ T cells obtained from MACS were 
resuspended in serum-free 1640 medium in 
pre-coated wells without antibiotics. As indicat-
ed in several groups, recombinant mouse sRAE 
protein (50 ng/ml) was added into the culture 
system. NK1.1-CD4+NKG2D+ T cells were har-
vested respectively for further analysis after 
0.5-, 2-, 8-, and 16-hour stimulation.

Western blot analysis

NK1.1-CD4+NKG2D+ T cells were harvested  
and lysed by a whole-cell lysis kit (KeyGEN 
BioTECH; Jiangsu, China). Immunoblots were 
performed routinely. Western Blots were 
probed with antibodies to PI3K p85 (Lot num-
ber: 4292) (1:1000), PI3K p110α (C73F8) 
(1:1000), Akt (5G3) (1:1000), p-Akt (Ser473) 
(D9W9U) (1:1000), NF-κB p105/50 (D7H5M) 
(1:1000), NF-κB p65 (D14E12) (1:1000), NF-κB 
p-p65 (Ser536) (1:1000), STAT3 (79D7) 
(1:2000), p-STAT3 (Tyr705) (D3A7) (1:2000), 
p-STAT3 (Ser727)(07-703) (1:500), p44/42 
MAPK (Erk1/2) (137F5) (1:1000), p-p44/42 
MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) 
(1:2000), p38 MAPK (D13E1) (1:1000), p- 
p38 MAPK (Thr180/Tyr182) (D3F9) (1:1000), 
and p-SAPK/JNK (Thr183/Tyr185) (81E11) 
(1:1000). Blots were subsequently incubated 
with appropriate horseradish peroxidase (HRP)-
conjugated secondary antibodies (1:5000)  
and detected by chemiluminescence. GAPDH 
(D16H11) (1:1000) was used as a positive 
control.

Intracellular staining

Intracellular staining kit was purchased fr- 
om eBioscience (San Diego, CA, USA). NK1.1-

CD4+NKG2D+ T were cultured under various 
stimulations for 8 hours. Brefeldin A was added 
to the culture system after 4-h stimulating. 
Cells were then stained by surface antibodies 
for 30 min at 4°. Cells were then fixed, permea-
bilized, stained with APC- conjugated anti-
TGF-β1 antibody or isotype antibody and ana-
lyzed by FCM.

Real-time PCR

RNA was extracted from NK1.1-CD4+NKG2D+ T 
cells using TRIzol reagent (Life Technologies; 
Carlsbad, CA, USA) and cDNA was generated by 
a QuantiTect® reverse transcription kit (QIAGEN 
GmbH; Hilden, Germany). The amplification of 
cDNA was conducted by the QuaniNovaTM 
SYBR® Green PCR kit (QIAGEN) on ABI 7500 (PE 
applied Biosystems, Carlsbad, CA, USA). Prime- 
rs for TGF-1 and GAPDH were designed by 
Primer Premier 5.0 software. The primer pairs 
were 5’-GGCGGTGCTCGCTTTGTA-3’ and 5’-CA- 
CTGCTTCCCGAATGTCT-3’ (TGF-β1); 5’-CAAAA- 
TGGTGAAGGTCGGTGTG-3’ and 5’-TGATGTTAG- 
TGGGGTCTC GCTC-3’ (GAPDH). Relative RNA 
expression was calculated by the 2-ΔΔCt method 
after normalizing expression levels of TGF-β1 
mRNA to GAPDH mRNA.

Chromatin immunoprecipitation assay

NK1.1-CD4+NKG2D+ T cells were collected fol-
lowing the stimulation of anti-CD3ε and sRAE 
for 8 hours. Chromatin immunoprecipitation 
(ChIP) was performed by a SimpleChIP® enzy-
matic chromatin IP Kit (Magnetic Beads) (Cell 
Signaling Technology) following standard proto-
cols. Immunoprecipitation was performed with 
STAT3 antibody (79D7) (Cell Signaling Techno- 
logy), as well as the positive control antibody 
(H3) and the negative control antibody (normal 
rabbit IgG) included in the ChIP kit. The quanti-
tative PCR analysis of IP samples was per-
formed with following primer pairs: 5’-CAGG- 
CTAGCCTTGAACT-3’ and 5’-AGCAGCTGAAGGA- 
AGCT-3’ (STAT3-1); 5’-AGTGAGTGGGAGATGA- 
GAACC-3’ and 5’-TGGAGTCGAGGCCAACCTG-3’ 
(STAT3-2); 5’-AAGGGCTGTGGGTTGGAG-3’ and 
5’-GGGCAGACTTTGCGGATG-3’ (STAT3-3).

TGF-β1 ELISA

Concentrations of mouse TGF-β1 in cell culture 
supernatants were measured using sandwich 
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ELISA kits (R&D systems) according to the man-
ufacturer’s protocols.

Statistical analysis

Differences between groups were analyzed by 
Student’s t-test. Data were evaluated by one-
way ANOVA followed by Dunnett’s test between 
control and various stimulation groups. Sig- 
nificance of differences was indicated when 
*P<0.05, **P<0.01, ***P<0.001.

Results

TGF-β1 production of NK1.1-CD4+NKG2D+ cells

We initially determined the level of TGF-β1 
expression in NK1.1-CD4+NKG2D+ cells, puri-
fied from spleen of MC38 tumor-bearing trans-
genic mice, under various stimulatory condi-
tions, namely α-CD3, sRAE-1, α-CD3/sRAE-1, 
and α-CD3/α-CD28 each at 0.5 h, 2 h, 8 h, or 
16 h. As shown in Figure 1A and 1B, the high-
est expression level of TGF-β1 in NK1.1-

CD4+NKG2D+ cells was obtained following 8-h 
stimulated by α-CD3/sRAE-1, but not by α-CD3/
α-CD28. Moreover, sRAE-1 had a similar effect 
as α-CD3/sRAE-1 on TGF-β1 expression at the 
8-h time-point. However, only α-CD3/sRAE-1 
significantly promoted TGF-β1 expression after 
NK1.1-CD4+NKG2D+ cells were stimulated for 
2-h or 16-h. There was no obvious expression 
of TGF-β1 after the 0.5-h stimulation. 

Next, mRNA levels of TGF-β1 were measured  
by various stimulations at 2- or 8-hour. As 
expected, α-CD3/sRAE-1 induced higher TGF-
β1 transcription than α-CD3/α-CD28, or α-CD3 
alone (Figure 1C), either at 2-h or 8-h. 
Simultaneously, sRAE-1 stimulation resulted in 
higher level of TGF-β1 mRNA than α-CD3/α-
CD28, or α-CD3 alone. Secretion of TGF-β1 in 
supernatants of NK1.1-CD4+NKG2D+ cell cul-
ture systems was determined at 2-h and 8-h. 
Changes of TGF-β1 concentration by different 
stimulations showed similar patterns as TGF-
β1 transcription (Figure 1D). Therefore, NK1.1-

CD4+NKG2D+ cells produced the highest level 

of TGF-β1 upon stimulation with α-CD3/sRAE-1 
or sRAE-1 for 8 hours.

The PI3K-p85/JNK, NF-κB and STAT3 activa-
tion of NK1.1-CD4+NKG2D+ cells

To investigate whether NKG2D initiates PI3K/
Akt activating for promoting TGF-β1 transcrip-
tion in NK1.1-CD4+NKG2D+ T cells, expression-
al changes of two subunits of PI3K (p110 and 
p85α) and its downstream Akt/pAkt were 
detected upon various stimulations. At 2-hour 
culture, PI3K-p85α, PI3K-p110, total Akt, and 
phosphorylated Akt (pAkt) were significantly 
increased by stimulations of either sRAE-1 or 
α-CD3/sRAE-1. CD3 antibody alone did not 
induce PI3K or Akt activation. Although there 
was no difference in PI3K-p110 expression 
between α-CD3/sRAE-1 and α-CD3/α-CD28, 
the PI3K-p85α and Akt/pAkt expression foll- 
owing the two stimulations was significantly 
increased (Figure 2A and 2B). With 8-h stimula-
tion, PI3K-p85α and -p110, Akt and pAkt dis-
played similar variations to those of the 2-h 
stimulation, but the stimulatory effects were 
more significant (Figure 2C and 2D). We did not 
observe any changes of all above proteins in 
NK1.1-CD4+NKG2D+ cells with 0.5-h treatment 
(Figure S1). No difference in PI3K-p85α expres-
sion was seen at 16-h stimulation, but varia-
tions of Akt and pAkt were maintained at that 
time-point (Figure S2), which confirmed that the 
PI3K-p85α activation is an early molecular 
event. 

The activation of downstream signaling MAPK, 
STAT3 and NF-κB were also detected. JNK, Erk, 
and p38 are three key molecules of the MAPK 
signaling pathway [25]. As shown in Figure 2E 
and 2F, after 8-h culture, α-CD3/sRAE-1 signifi-
cantly resulted in the phosphorylation of JNK  
in NK1.1-CD4+NKG2D+ cells, as compared to 
α-CD3/α-CD28. There was no significant differ-
ence of JNK activation upon stimulation of 
α-CD3 or sRAE-1. Phosphorylated Erk and p38 
levels were enhanced after being stimulated by 
sRAE-1, α-CD3/sRAE-1, or α-CD3/-CD28, com-

Figure 1. TGF-β1 production of NK1.1-CD4+NKG2D+ cells upon various stimulations at different times. A. TGF-β1 
of NK1.1-CD4+NKG2D+ cells detected by flow cytometry at 0.5-, 2-, 8-, 16-hour stimulation. B. Statistical analysis 
of TGF-β1 variations at different time points. C. TGF-β1 transcription of NK1.1-CD4+NKG2D+ cells detected by real-
time PCR. D. Concentration of TGF-β1 in supernatants of NK1.1-CD4+NKG2D+ cells upon indicated stimulations 
measured by ELISA. Each experiment was repeated at least thrice. *, P<0.05; **, P<0.01; ***, P<0.001; ns, no 
significance.
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Figure 2. Activation of PI3K, MAPK, STAT3 and NF-κB signaling pathways. Western blot analysis of PI3K-p85, -p110, 
Akt, pAkt in NK1.1-CD4+NKG2D+ cells upon different stimulations at 2-hour (A) or 8-hour (C). Statistical analysis of 
expression variations of PI3K-p85, -p110, Akt, pAkt at 2-hour (B) or 8-hour (D). Analysis of JNK, Erk, p38 (E, F), NF-
κB, STAT3 (G, H) and their phosphorylation in NK1.1-CD4+NKG2D+ cells upon stimulations for 8 hours. Each experi-
ment was repeated at least thrice. *, P<0.05; **, P<0.01; ***, P<0.001; ns, no significance.
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pared with culture medium or α-CD3 alone. 
However, there were no significant differences 
of pErk and pp38 between treatments of 
α-CD3/sRAE-1 and α-CD3/α-CD28. 

After 0.5-h stimulation, we did not observe any 
differences of NF-κB activation by all treat-
ments (Figure S3). With 2-h culture, only NF-κB 
p105 was increased by stimulations of α-CD3, 

Figure 3. Inhibition of PI3K/JNK/AP-1 on TGF-β1 expression. NK1.1-CD4+NKG2D+ cells were treated with the PI3K 
inhibitor (LY294002) under different stimulations for 8 hours (A). (B) Statistical analysis of effects of LY294002 on 
TGF-β1 expression. (C, D) Effects on JNK/pJNK expression by the PI3K inhibitor (LY294002). Effects of JNK inhibi-
tor (E, F), Erk or p38 inhibitor (G), and AP-1 inhibitor (H, I) on TGF-β1 expression of NK1.1-CD4+NKG2D+ cells. Each 
experiment was repeated at least thrice. *, P<0.05; **, P<0.01; ***, P<0.001; ns, no significance.
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sRAE-1, or α-CD3/sRAE-1 (Figure S4). At 8-h 
culture, NF-κB p50, p65, pp65 were all en- 
hanced in groups stimulated by α-CD3, sRAE-1, 
or α-CD3/sRAE-1. Particularly, expression lev-
els of NF-κB p65 and pp65 were higher with the 
treatment of α-CD3/sRAE-1 than α-CD3/α-CD28 
(Figure 2G, 2H and Figure S5). However, NF-κB 
p105 and p50 expression levels did not signifi-
cantly vary at the same time. When 16-h cul-
ture was used, the stimulatory differences 
between α-CD3/sRAE-1 and α-CD3/α-CD28 
disappeared, but sRAE-1 still had better effects 
on promoting NF-κB p65 and pp65 expression 
than α-CD3 (Figure S6), which confirmed that 
the NKG2D engagement alone resulted in 
NF-κB p65 activation.

Expression of STAT3 and its activated form 
(pY705 and pS727) had no significant changes 
after NK1.1-CD4+NKG2D+ cells were differently 
stimulated at 0.5- or 2-h (Figures S7 and S8). 
With 8-h culture, STAT3-pY705 was significantly 
increased by stimulations of sRAE-1 or α-CD3/
sRAE-1, compared with those by culture medi-
um, α-CD3, or α-CD3/α-CD28. STAT3-pS727 
was activated by α-CD3 alone or α-CD3/sRAE-1 
(Figure 2G and 2H), which was different from 
STAT3-pY705. There was a similar trend of 

STAT3-pY705 and pS727 expression with 16-h 
stimulation (Figure S9).

Inhibition of PI3K/JNK/AP-1 on TGF-β1 expres-
sion 

To investigate whether the TGF-β1 expression 
depends on the PI3K activation, LY294002 (a 
PI3K inhibitor) was used to treat with NK1.1-

CD4+NKG2D+ cells. As shown in Figure 3A and 
3B, expression of TGF-β1 in NK1.1-CD4+NKG2D+ 
cells pre-treated with sRAE-1 or α-CD3/sRAE-1 
was significantly inhibited by LY294002. As 
expected, there were no significant differences 
in other stimulatory conditions before or after 
LY294002 treatment. Thus, Akt, which was 
activated by sRAE-1 or α-CD3/sRAE-1 due to 
the upstream PI3K-p85α and -p110 activation, 
played a key role for TGF-β1 expression. We fur-
ther confirmed that whether the phosphoryla-
tion of JNK is initiated by PI3K activation. Upon 
inhibition of PI3K using LY294002, pJNK was 
almost downregulated to the level before stimu-
lation. This data inferred that JNK is activated 
by PI3K in NK1.1-CD4+NKG2D+ cells (Figure 3C 
and 3D). 

Inhibitors against JNK, Erk, p38, and AP-1 
(c-Jun and c-Fos) were respectively used to 

Figure 4. Inhibition of NF-κB on TGF-β1 expression. Effects of Bortezomib (NF-κB inhibitor) on TGF-β1 expression (A, 
B). Effects of LY294002 on NF-κB p65 activation in NK1.1-CD4+NKG2D+ cells for 8 hours (C, D). Each experiment 
was repeated at least thrice. *, P<0.05; **, P<0.01; ***, P<0.001; ns, no significance.
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treat NK1.1-CD4+NKG2D+ cells under various 
stimulations. As expected, inhibiting JNK acti-
vation by SU3327 almost blocked the TGF-β1 
expression in the sRAE-1-, or α-CD3/sRAE-1- 
stimulating group, whereas no effects were 
observed in the rest groups (Figure 3E and 3F). 
Treatment with either Erk inhibitor (PD98059) 
or p38 inhibitor (VX-702) resulted in significant-
ly decreased expression of TGF-β1 in all groups, 

which indicated that activations of Erk and p38 
were not specific for TGF-β1 expression of 
NK1.1-CD4+NKG2D+ cells induced by sRAE-1 or 
α-CD3/sRAE-1 (Figure 3G). AP-1 inhibition also 
lead to wide inhibition of TGF-β1 expression 
(Figure 3H and 3I). However, AP-1 inhibition did 
not return TGF-β1 expression to the baseline 
level, which suggested other nuclear factors 
might be involved.

Figure 5. Inhibition of STAT3 on TGF-β1 expression. 
Effects of STAT3 inhibitors on TGF-β1 expression in 
NK1.1-CD4+NKG2D+ cells for 8 hours (A). (B, C) Ef-
fects of LY294002 on STAT3-pY705 phosphorylation. 
(D, E) Effects of Bortezomib on STAT3-pY705 phos- 
phorylation. (F) The predicted binding sites of the 
TGF-β promoter by STAT3. (G) STAT3 engagement mea-
sured by a ChIP assay. Each experiment was repeated 
at least thrice. *, P<0.05; **, P<0.01; ***, P<0.001; 
ns, no significance.
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NF-κB inhibition decreases TGF-β1 expression

Treatment with Bortezomib, an inhibitor of 
NF-κB activation, resulted in the partial inhibi-
tion of TGF-β1 expression, which indicated that 
NF-κB was one of the regulators of TGF-β1 
expression in NK1.1-CD4+NKG2D+ cells (Figure 
4A and 4B). Next, we speculated whether NF-κB 
p65 was also activated by PI3K signaling as 
induced by NKG2D. After LY294002 treatment, 
NF-κB p65 activation induced by sRAE-1 or 
α-CD3/sRAE-1 was completely reversed (Figure 
4C and 4D). Thus, the NF-κB activation in 
NK1.1-CD4+NKG2D+ cells could be induced by 
both TCR/CD3 and NKG2D signaling pathways 
and is involved with TGF-β1 transcription.

STAT3 inhibition suppresses TGF-β1 expres-
sion

Two STAT3 inhibitors (stattic and cryptotanshi-
none) were respectively treated with NK1.1-

CD4+NKG2D+ cells under various stimulations. 
Both reagents resulted in significant inhibitions 
of TGF-β1 expression, which indicated that 
STAT3 was also a transcriptional factor for TGF-
β1 expression in NK1.1-CD4+NKG2D+ cells 
(Figure 5A). Next, we sought to determine the 
upstream molecules for STAT3 activation in the 
unconventional regulatory T cells. PI3K could 
play a key role for STAT3 activation, because 
LY294002 almost blocked the phosphorylation 
of Y705 residue of STAT3 (Figure 5B and 5C). 
On the contrary, Bortezomib only downregulat-
ed STAT3-pY705 expression by 30% (Figure 5D 
and 5E). Therefore, co-ligation of TCR/CD3 and 

nlm.nih.gov/mapview/index.html) (Figure 5F). 
As STAT3-2 is just 72 bp away from STAT3-1, we 
synthesized three pairs of primers for quantita-
tive RT-PCR. Our data showed that STAT3 was 
selectively engaged to the STAT3-1 or STAT3-2 
binding site (Figure 5G). Thus, we concluded 
that upon exposure of NK1.1-CD4+NKG2D+ T 
cells to NKG2D ligands (MICA, ULBPs, and RAE-
1), PI3K is activated to induce JNK-AP-1, NF-κB 
and STAT3 activation for TGF-β1 transcription. 

Discussion

NK1.1-CD4+NKG2D+ regulatory T cells have  
distinct transcriptional profiles from NK1.1+ 

CD4+NKG2D+ T cells, as previously demonstrat-
ed by our group [7]. It is currently unclear why 
the crosslinking of TCR/CD3 and NKG2D re- 
sults in TGF-β1 expression, whereas co-stimu-
lation of TCR/CD3 and CD28 leads to full acti-
vation of effector T cells. In this study, NK1.1-

CD4+NKG2D+ cells co-stimulated by α-CD3/
sRAE-1 or sRAE-1 increased the activation of 
the PI3K-p85α subunit, in contrast with stimu-
lation by α-CD3/α-CD28. JNK and STAT3 were 
also specifically phosphorylated by PI3K when 
stimulate by α-CD3/sRAE-1 or sRAE-1. In addi-
tion, TCR/CD3 and NKG2D synergistically pro-
moted NF-κB activation in NK1.1-CD4+NKG2D+ 
cells. Thus, our data suggest that all those 
three nuclear factors (AP-1, NF-κB, and STAT3) 
were involved in the TGF-β1 expression of 
NK1.1-CD4+NKG2D+ cells as co-stimulated by 
TCR/CD3 and NKG2D. The schematic diagram 
is summarized in Figure 6.

Figure 6. Diagram of the TGF-β1 transcription in NK1.1-CD4+NKG2D+ cells 
regulated by AP-1, NF-κB, and STAT3. 

NKG2D in NK1.1-CD4+NK- 
G2D+ cells could induce 
STAT3 activation for TGF-β1 
expression via the PI3K sig-
naling pathway.

STAT3 has been shown to 
regulate TGF-β1 expression 
in many human cancer cells, 
but not in murine cells [26]. 
We therefore investigated 
whether STAT3 directly bo- 
und to the TGF-β1 promoter 
in mouse NK1.1-CD4+NKG- 
2D+ T cells by the ChIP assay. 
Four STAT3 binding sites of 
TGF-β1 promoter (STAT3-1-4) 
were predicted (www.ncbi.
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CD4+NKG2D+ T cells can also be divided into 
CD4+NKG2D+CD28+ and CD4+NKG2D+CD28null 
subsets. CD4+NKG2D+CD28null cells have the 
capacity of IFN-γ or IL-17 production, even per-
forin secretion [27, 28]. Abnormal expressi- 
ons of CD4+NKG2D+CD28null cells have been 
identified in cervical cancer [29], rheumatoid 
arthritis [30], granulomatosis with polyangiitis 
[31], and human CMV infection [28]. Some 
CD4+NKG2D+ T cells with immunostimulatory 
activity also contribute to Crohn’s disease, neu-
roinflammation, and the mediation of anti-
tumor activity [27, 32]. As suggested by our pre-
vious study, NK1.1-CD4+NKG2D+ cells positively 
express CD28, which are obviously different 
from the CD4+NKG2D+CD28null subset. NK1.1-

CD4+NKG2D+ cells also differed from Th2 or 
Th17 cells because the former did not express 
GATA-3 and ROR-γt [7].

Human NKG2D associates with DAP10, where-
as murine NKG2D associates with DAP10 or 
DAP12. A YINM motif in DAP10 could recruit 
PI3K-p85α and result in PI3K activation. 
Additionally, Vav1 interacts with the YXNM 
motif of DAP10 through the adaptor protein 
Grb2 and is required for activation of PI3K-
dependent Akt signaling. DAP12 recruits Syk/
ZAP70 and activates PLCγ2 [15, 16]. Although 
we did not detect activation of the Syk/ZAP70 
pathway, co-engagement of TCR/CD3 and NK- 
G2D should be involved in the activation of 
Syk/ZAP70. NKG2D or CD3/NKG2D engage-
ment could stimulate phosphorylation of JNK, 
whereas α-CD3/α-CD28 engagement does not 
have the same effect. The specific inhibition of 
JNK almost blocked the TGF-β1 expression by 
NK1.1-CD4+NKG2D+ cells, which indicated that 
JNK was a key molecule of the MAPK pathway 
for regulation of TGF-β1.

Nuclear transcription factor AP-1 is one of 
important members to regulate TGF-β1 tran-
scription. AP-1 is generally composed of c-Fos 
and c-Jun subunits. The -1211--1202 site of the 
promoter region of the human TGF-β1 gene has 
an AP-1-binding sequence [18]. The activation 
of AP-1 is mainly regulated by the PI3K/MAPK 
signaling pathway, and continuous activation of 
Erk is associated with the expression of TGF-β1 
on the surface of a group of CD4+CD25-CD69+ 
T cells [2]. The AP-1 inhibitor, SR11302, signifi-
cantly downregulated TGF-β1 expression of 
NK1.1-CD4+NKG2D+ cells, which confirmed that 

AP-1 should have activity in the regulation of 
TGF-β1 transcription.

There are three NF-κB binding sites in the 
upstream promoter region of TGF-β1 gene, 
which are located at -2105 to -2096, -2104 to 
-2005 and -789 to -780. The ChIP experiment 
showed that the phosphorylated p65 could 
conjugate to the DNA sequence located at -789 
to -780 [18]. Therefore, NF-κB has a direct 
effect on the transcriptional activation of TGF-
β1 gene. In NK1.1-CD4+NKG2D+ T cells, the 
activation of NF-κB is potentially the result of 
protein kinase C activation downstream of TCR 
signaling and PI3K activated by NKG2D 
engagement.

Phosphorylated STAT3 protein directly com-
bines with the SBE1 and SBE2 sequences to 
activate the gene transcription of TGF-β1. By 
using the STAT3 inhibitor (stattic or cryptotan-
shinone) in NK1.1-CD4+NKG2D+ T cells, TGF-β1 
expression was blocked, which confirmed that 
STAT3 activation contributed to TGF-β1 expres-
sion in regulatory T cells. The phosphorylation 
of STAT3-Y705 was completely inhibited by the 
PI3K inhibitor but partly inhibited by the NF-κB 
inhibitor. Thus, STAT3-Y705 activation depend-
ed on PI3K activation preferentially.

In conclusion, TGF-β1 transcription in NK1.1-

CD4+NKG2D+ T cells after stimulation with 
α-CD3/sRAE-1 or sRAE-1 was activated by AP-1, 
NF-κB, and STAT3. The activation of PI3K-p85 
and JNK only occurred upon stimulation with 
α-CD3/sRAE-1 or sRAE-1. This study provides 
molecular mechanisms of nuclear factor regu-
lation in TGF-β1 transcription of NK1.1-

CD4+NKG2D+ T cells.
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Figure S1. Activation of PI3K/Akt pathway upon different stimulations at 0.5 hour. PI3K-p85, -p110, Akt, pAkt 
expression in NK1.1-CD4+NKG2D+ cells were measured by Western blot (A). Statistical analysis of expression varia-
tions of PI3K-p85, -p110, Akt, pAkt (B).

Figure S2. Expressional changes of PI3K/Akt signaling pathway upon various stimulations at 16 hours. PI3K-p85, 
-p110, Akt, pAkt expression in NK1.1-CD4+NKG2D+ cells were measured by Western blot analysis (A). Statistical 
analysis of expression variations of PI3K-p85, -p110, Akt, pAkt (B).

Figure S3. Involvement of the NF-κB signaling pathway upon stimulations at 0.5 hour. Analysis of NF-κB-p105, -p50, 
-p65, -pp65 in NK1.1-CD4+NKG2D+ cells (A, B). 
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Figure S4. Changes of NF-κB signaling pathway in NK1.1-CD4+NKG2D+ cells with 2-h treatment. Analysis of NF-
κB-p105, -p50, -p65, -pp65 in NK1.1-CD4+NKG2D+ cells (A, B).

Figure S5. Changes of NF-κB signaling pathway in NK1.1-CD4+NKG2D+ cells with 8-h treatment. Analysis of NF-
κB-p105, -p50, in NK1.1-CD4+NKG2D+ cells (A, B).

Figure S6. Changes of NF-κB signaling pathway in NK1.1-CD4+NKG2D+ cells with 16-h treatment. Analysis of NF-
κB-p105, -p50, -p65, -pp65 in NK1.1-CD4+NKG2D+ cells (A, B).
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Figure S7. Expression of STAT3 and its activated form in NK1.1-CD4+NKG2D+ cells by 0.5-hour stimulating. Analysis 
of STAT3, STAT3-pY705, and STAT3-pS727 in NK1.1-CD4+NKG2D+ cells upon stimulations (A, B).

Figure S8. Differences of NF-κB activation in NK1.1-CD4+NKG2D+ cells after 2-h stimulation. Analysis of STAT3, 
STAT3-pY705, and STAT3-pS727 in NK1.1-CD4+NKG2D+ cells upon stimulations (A, B).

Figure S9. Differences of NF-κB activation in NK1.1-CD4+NKG2D+ cells after 16-h stimulation. Analysis of STAT3, 
STAT3-pY705, and STAT3-pS727 in NK1.1-CD4+NKG2D+ cells upon stimulations (A, B).


