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Summary

Tumour progression is associated with immune-suppressive conditions

that facilitate the escape of tumour cells from the regimen of immune

cells, subsequently paralysing the host defence mechanisms. Induction of

CD4+ CD25+ FoxP3+ T regulatory (Treg) cells has been implicated in the

tumour immune escape mechanism, although the novel anti-cancer treat-

ment strategies targeting Treg cells remain unknown. The focus of this

study is to define the interaction between tumour and immune system,

i.e. how immune tolerance starts and gradually leads to the induction of

adaptive Treg cells in the tumour microenvironment. Our study identified

hyperactivated mitogen-activated protein kinase kinase (MEK)/extracellu-

lar signal-regulated kinase (ERK) -signalling as a potential target for

reversing Treg cell augmentation in breast cancer patients. In more mech-

anistic detail, pharmacological inhibitors of MEK/ERK signalling inhibited

transforming growth factor-b (TGF-b) production in tumour cells that

essentially blocked TGF-b-SMAD3/SMAD4-mediated induction of CD25/

interleukin-2 receptor a on CD4+ T-cell surface. As a result high-affinity

binding of interleukin-2 on those cells was prohibited, causing lack of

Janus kinase 1 (JAK1)/JAK3-mediated signal transducer and activator of

transcription 3 (STAT3)/STAT5 activation required for FoxP3 expression.

Finally, for a more radical approach towards a safe MEK inhibitor, we val-

idate the potential of multi-kinase inhibitor curcumin, especially the

nano-curcumin made out of pure curcumin with greater bioavailability; in

repealing tumour-shed TGF-b-induced Treg cell augmentation.

Keywords: breast cancer; janus kinase/signal transducer and activator of

transcription; mitogen-activated protein kinase kinase/extracellular signal-

regulated kinase; nano-curcumin; regulatory T cells; transforming growth

factor-b.

Introduction

Recent trends in anticancer drug development are based

on identifying and then targeting precise small signalling

molecules or genes that create the particular molecular

abnormalities leading to generation of malignant pheno-

type.1 Induction and expansion of fork-head box P3

(FoxP3)-positive regulatory T (Treg) cells are associated

with prognosis and progression of cancer, and have

important role in suppressing tumour-specific immunity.

Expansion of CD4+ CD25+ FoxP3+ Treg cells following

tumour progression suppresses the activity of tumour-

specific T effector cells and creates an environment that is

favourable for tumour growth.2 Patients with breast can-

cer have an increased prevalence of Treg cells in the

peripheral blood and in the tumour microenvironment.3,4

Hence, blockade of Treg cell induction can enhance

immune protection from tumour-associated antigens and

offer successful therapeutic interventions of cancer devel-

opment and progression. Though several reports have

described the significance of Treg cells in tumour devel-

opment, studies to identify and target specific signalling

molecules responsible for Treg cell induction are yet to

be designed.

The regulatory T-cell lineage is indispensable for the

induction of T-cell tolerance, which happens to be one of
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the mechanisms of cancer immune evasion in tumour con-

dition.5–7 Regulatory T cells have been shown to be critical

for the maintenance of immunological tolerance. The

X-chromosome-encoded transcription factor FoxP3 is a

lineage-specification factor required for Treg cell differenti-

ation and function,8 which executes its multiple activities

mostly through transcriptional regulation of its target

genes.9 FoxP3 interacts directly with the transcription fac-

tor nuclear factor of activated T cells, and this interaction is

required for FoxP3 to bind to a proximal site in the il2

promoter in vivo, to up-regulate several Treg-associated

markers and to inhibit cytokine production.10 In vivo, a

high-density of tumour-infiltrating FoxP3+ Treg cells has

been associated with poor disease outcome in patients

affected by various solid tumours.11 At least two general

subsets of Treg cells exist – natural (nTreg) and adaptive/

induced (iTreg), which differ in their development, anti-

genic specificities and mechanisms of action.12–14 The sup-

pressive function of nTreg cells requires cell–cell contact or
proximity, whereas iTreg cells exert their regulatory activity

essentially by means of secreted cytokines like interleukin-

10 (IL-10) and transforming growth factor-b (TGF-b).3

Treg cells kill responder T cells by a granzyme-dependent

or perforin-dependent mechanism.15 Cytotoxic T-lympho-

cyte antigen 4-mediated cell contact-dependent suppres-

sion of Treg cells inhibits the up-regulation of CD80 and

CD86 on immature dendritic cells and down-regulates the

expression of CD80 and CD86 by mature dendritic cells

without affecting the expression of CD40 and class II

MHC.16 Treg cells also employ immunosuppression by

commencing competition for growth factors thereby lead-

ing to cytokine deprivation-induced apoptosis in the target

effector T cells.17 Moreover, the constitutive expression of

high-affinity IL-2 receptor-a or CD25 by Treg cells gives

them an initial competitive advantage for the consumption

of IL-2 over naive T cells.6 Furthermore, FoxP3 is able to

repress the expression of specific cytokines by interacting

with phosphodiesterase 3B and the transcription factor

nuclear factor-jB, the key drivers of inflammation.18

There is substantial evidence that tumour-microenvi-

ronment is characterized by abundance of factors like

TGF-b, IL-6, IL-10, vascular endothelial growth factor

and prostaglandin E2, which are pivotal to the develop-

ment of an immunosuppressive network.19 Among these,

TGF-b, produced by a diverse range of tumour cell

types,20 is a critical factor in regulation of T-cell-mediated

immune responses and in the induction of immune toler-

ance.21 When the TGF-b1-mediated inhibitory signal is

abrogated by restrictive expression of dominant negative

TGF-b receptor II, these mice develop unchecked T-cell

proliferation and autoimmune-like diseases, documenting

a TGF-b-dependent signal in T-cell activation and toler-

ance.22 Apart from inhibiting T-cell function TGF-b also

imparts a suppressive phenotype to CD4+ T cells.23,24 The

TGF-b converts CD25� CD4+ T cells into CD25+ CD4+

anergic/suppressor T cells, which not only exhibit unre-

sponsiveness to T-cell receptor stimulation but also sup-

press normal CD4+ T-cell activation and cytokine

production.12 SMAD family members have been identi-

fied as essential intracellular signalling components of the

TGF-b super family.13 It was shown that TGF-b signalling

through SMADs is required for generation of both T

helper type 17 and Treg cells.14 Particularly, SMAD3/

SMAD4 is involved in the induction of Treg cells,

whereas SMAD2 regulates the generation of T helper type

17 cells.25,26 Although TGF-b/SMAD-mediated regulation

of immune responsiveness has been validated, the mecha-

nism as to how tumour-shed TGF-b accomplishes immu-

nosuppression through induction of CD25 on CD4+ T

cells remains to be elucidated.

Interleukin-2 has a long-established heritage as a T-cell

growth factor.27,28 However, the evidence from the past

few years has suggested that IL-2 is also critical for the

establishment and maintenance of immune tolerance.29

The role of IL-2 in the generation and maintenance of

adaptive Treg cells became clear when it was found that

TGF-b, which induces CD25 on CD4+ CD25� T cells,

had to be supplemented with IL-2 for induction of

FoxP3.30,31 Recent studies have shown that IL-2 directly

regulates the foxp3 gene in CD25+ CD4+ Treg cells.32

Janus kinase (JAK)/ signal transducer and activator of

transcription (STAT)-signalling pathway plays an impor-

tant role in maintaining FoxP3 status in CD3/CD28-

stimulated CD4+ T cells and blockage of STAT3/STAT5

activation significantly reduces foxp3 transcription in

these cells.33–35

Our study identified every sequential step, demonstrat-

ing how being derived through mitogen-activated protein

kinase kinase (MEK)/extracellular singal-regulated kinase

(ERK) signalling, tumour shed-TGF-b induced FoxP3+

Treg cells through SMAD3/SMAD4-directed CD25

expression and subsequent JAK/STAT activation. In addi-

tion, using several pharmacological inhibitors, we have

further strengthened the candidature of MEK/ERK signal-

ling as the potential target in reversing Treg induction in

tumour condition. Most importantly, as a novel strategy

to maximize the effectiveness of targeted therapies and to

minimize the impact of side effects of available cytotoxic

drugs, we have identified the efficacy of curcumin, when

used in the form of nano-curcumin, made out of pure

curcumin and with improved bioavailability, as a MEK/

ERK inhibitor, in repealing Treg cell augmentation in

tumour bearers.

Materials and methods

Cell culture and experiments

The present study included 24 female patients with breast

cancer and 12 age/sex-matched female healthy volunteers
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as controls. Informed consent (IRB-1382) under the pro-

vision of ethics committee, SSKM Hospital, Kolkata,

India (Approval No: Inst/IEC/306) and Human Ethics

Committee, Bose Institute (Approval No: BIHEC/2010-

11/2) was obtained from all patients with localized disease

and from female healthy volunteers in compliance with

the Helsinki Declaration (http://www.wma.net/en/30pub-

lications/10policies/b3/). Peripheral blood collected from

healthy volunteers or from patients was centrifuged over

Ficoll–Hypaque (GE Healthcare Life Sciences, Pittsburgh,

PA) density-gradient to obtain total leucocytes. T cells

were purified from total leucocytes by negative magnetic

selection using a human T-cell enrichment cocktail (Stem

Cell Technologies, Vancouver, BC, Canada). Cells were

maintained in complete RPMI-1640 medium at 37° in a

humidified incubator containing 5% CO2. Tissue from

primary lesions of breast cancer was collected from

patients undergoing surgical procedures to remove solid

tumour mass. The inner mass of tissues was cut into

small pieces of 2–4 mm, digested at 37° for 3 hr in a

1 : 1 solution of collagenase/hyaluronidase (Sigma-

Aldrich, St. Louis, MO). After filtration through a 30-lm
pore filter, single cells were plated in RPMI-1640 medium

supplemented with 10% fetal bovine serum for overnight.

The adherent cells were used for further experiments. The

purity of the cells was checked flow cytometrically by

CD24 and ESA-positivity or CD4 and CD25-negativity

(see Supporting information, Fig. S1). After 72 hr of

incubation, supernatants freed from cellular components

were used in 1 : 1 ratio with RPMI-1640 medium to

study the effect of tumour supernatant on T cells. These

primary breast carcinoma cells were treated with 10 lM
curcumin/0�5 lM nano-curcumin/10 lM U0126/100 nM

SB431542/10 lM Sunitib for 90 min, excess inhibitors

were washed off and cells were incubated in fresh RPMI-

1640 medium. After 72 hr of incubation, supernatants

freed from cellular components were used in 1 : 1 ratio

with RPMI-1640 medium to study the effect of tumour

supernatant on T cells. To study the role of MEK/ERK-

mediated TGF-b/IL-2 signalling in tumour-induced Treg

cell augmentation, CD4+ CD25� T cells (2 9 106 cells)

isolated from healthy human donors were cultured with

rTGF-b/rIL-2 alone or in combination with supernatant

from control-/MEK-/ERK-/TGF-b-small interfering (si)

RNA-transfected breast cancer cells or in the presence/

absence of neutralizing anti-TGF-b/anti-IL-2 antibodies

(2 lg/ml; Santa Cruz Biotechnology, Dallas, TX).

Animal tumour model

To study the role of curcumin and nano-curcumin in

reversing Treg cell augmentation in vivo, BALB/c mice

bearing syngeneic breast cancer cells 4T1 were used. BALB/

c mice (NCLAS, Hyderabad, India) weighing 20–25 g were

maintained in a temperature-controlled room with light–

dark cycle. All animal experiments were performed follow-

ing Principles of laboratory animal care (NIH publication

No. 85–23, revised in 1985) as well as Indian laws on ‘Pro-

tection of Animals’ under the provision of the Ethics Com-

mittee for the purpose of control and supervision of

experiments on animals (Reg. No. 95/99/CPCSEA;

Approval No: IAEC/BI/1/2010), Bose Institute. Mice were

divided into two groups including normal set (non-

tumour-bearing), tumour-bearing set (which were inocu-

lated in the mammary fat-pad with 1 9 106 exponentially

grown 4T1 cells). After 14 days of 4T1 cell inoculation,

tumour-bearing set was further divided into three groups:

(i) untreated, (ii) curcumin and (iii) nano-curcumin trea-

ted groups. Various doses of curcumin/nano-curcumin

were fed orally on alternate days. After 28 days percentage

of Treg cells induced in tumour-draining lymph nodes

(popliteal) and expression levels of TGF-b-signalling inter-

mediates leading to FoxP3 expression in these cells were

determined.

Flow cytometry

For the determination of Treg cells Peridinin chlorophyll

protein-conjugated anti-CD4, FITC-conjugated anti-CD25

and phycoerythrin-conjugated anti-FoxP3 antibodies were

used (BD Bioscience, San Jose, CA). For the analysis of

cell-surface-bound TGF-b/IL-2, CD4+ T cells were incu-

bated with FITC-anti-TGF-b/phycoerythrin-anti-IL-2
antibody (BD Bioscience) and TGF-b/IL-2 positivity was

analysed flow cytometrically (FACS Versa; BD Biosci-

ence). For the determination of intracellular TGF-b, can-
cer cells were first stimulated with PMA (10 ng/ml) and

ionomycin (1 lM) and transport of newly synthesized

cytokines from the golgi apparatus was blocked with

10 lg/ml Brefeldin A (Sigma). After incubation for 4 hr

at 37° cells were washed with PBS and permeabilized with

saponin. Finally, intracellular TGF-b was analysed with

FITC-tagged antibody flow cytometrically. A total of

10 000 events were acquired; cells were properly gated

with Simultest LeucoGATE and analysed using CELLQUEST

Software (BD Bioscience).

Co-immunoprecipitation, Western blotting and ELISA

For Western blot analysis cell lysates were prepared in lysis

buffer [20 mM Tris–HCl (pH 7�4), 100 mM NaCl, 1% noni-

det P40, 0�5% deoxycholic acid and 1 mM EGTA] contain-

ing protease and phosphatase inhibitor cocktails. A total of

50 lg of protein was separated by SDS–PAGE and trans-

ferred to nitrocellulose filter paper for Western blotting

using specific antibodies, e.g. anti-MEK (rabbit), anti-

phospho-MEK (mouse), anti-ERK (rabbit) anti-phospho-

ERK (goat), anti-SMAD1 (mouse), anti-SMAD2 (goat),

anti-SMAD3 (mouse), anti-SMAD4 (mouse), anti-

phospho-SMAD1 (rabbit), anti-phospho-SMAD2 (rabbit),
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anti-phospho-SMAD3 (rabbit), anti-CD25 (rabbit), anti-

FoxP3 (mouse), anti-JAK1 (rabbit), anti-JAK2 (rabbit),

anti-JAK3 (rabbit), anti-phospho-JAK1 (rabbit), anti-phos-

pho-JAK2 (rabbit), anti-phospho-JAK3 (goat), anti-STAT1

(rabbit), anti-STAT2 (rabbit), anti-STAT3 (rabbit), anti-

STAT4 (rabbit), anti-STAT5 (rabbit), anti-STAT6 (rabbit),

anti-phospho-STAT1 (goat), anti-phospho-STAT2 (rab-

bit), anti-phospho-STAT3 (goat), anti-phospho-STAT4

(rabbit), anti-phospho- STAT5 (goat), anti-phospho-

STAT6 (goat) (Santa Cruz) and anti-TGF-b (rabbit; Cell

Signaling) antibodies. For the staining of phospho- and

total proteins we employed parallel Western blotting using

equal amounts of loading protein to avoid any cross-reac-

tivity. For internal control we stripped the original mem-

brane and re-probed with internal control antibody.

Histone H1 (rabbit)/a-actin (mouse) (Santa Cruz) were

used as internal control. For the determination of direct

interaction between two proteins, a co-immunoprecipita-

tion technique was employed. The lysates (200 lg of pro-

tein) were incubated for 4 hr at 4° with rocking with 4 lg
of specific antibody, and the immune complexes were then

incubated with protein A–Sepharose beads. The JAK1/

JAK3-associated STAT3/STAT5 was then detected in the

immunopurified complexes by Western blot analysis.

Twenty per cent of the cell lysates used for co-immunopre-

cipitation was blotted against anti-a-actin antibody to con-

firm equivalent protein loading. Protein of interest was

visualized by chemiluminescence. Relative protein expres-

sion was determined by densitometric quantification of

semi-quantitative chemiluminescence bands obtained in

Western blot relative to actin bands.3 Relative protein

expression was estimated with respect to Histone H1/a-
actin. Levels of TGF-b in tumour supernatants were quan-

tified by ELISA kit (BD Pharmingen, San Diego, CA).

siRNA and transfection

Primary breast cancer or T cells were transfected with

300 pmol of ERK-/MEK-/TGF-b-/SMAD3-/SMAD4-siR-

NA/control-siRNA (Santa Cruz) or lipofectamine-2000

(Invitrogen, Carlsbad, CA). separately for 12 hr as des-

cribed earlier.3 T cells were transduced with lentiviral

STAT3/STAT5/control-shRNA (Open Biosystems, Pitts-

burgh, PA) in the presence of hexadimethrine bromide

(Sigma) as transduction facilitator. The protein levels

were estimated by Western blotting.

Real-time quantitative RT-PCR

For quantitative PCR, total RNA was prepared from

1 9 106 cells using tripure isolation reagent. The mRNA

expression levels were measured by quantitative real-time

PCR using a Quanti TechTM SYBR R Green real-time-

PCR kit and the iCycler real-time detection system and

software according to the manufacturer’s instructions.

Passive reference dye (ROX) was used to normalize the

SYBR Green/double-stranded DNA complex signal during

analysis to correct for well-to-well variation and sampling

loading error. Amplification products using SYBR Green

detection were checked using melting curve with ICYCLER

software (version-3; Bio-Rad, Hercules, CA) and by 1�5%
agarose gel electrophoresis to confirm the size of the

DNA fragment and that single product was formed. Sam-

ples were compared using the relative (comparative) Ct

method. The Ct value, which is inversely proportional to

the initial template copy number, is the calculated cycle

number where the fluorescence signal emitted is signifi-

cantly above background levels.3 Expression level of the

housekeeping gene, GAPDH, was used to normalize for

variations in amount of RNA and RNA purity. The fold

induction or repression by real-time RT-PCR was calcu-

lated according to the following formula: fold change =
2�DDct; where DDct = Dct control � Dct treatment, and

Dct = target gene ct � GAPDH ct. Oligonucleotide pri-

mer sequences used in real-time quantitative RT-PCR

were as follows: CD25: sense: 50-CGTTGCTTAGGAAAC
TCCTGGA-30, antisense: 50-GCTTTCTCGATTTGTCATG
GG-30; FoxP3: sense: 50-CAGCACATTCCCAGAGTTCCT
C-30, antisense: 50-GCGTGTGAACCAGTGGTAGATC-30;
GAPDH: sense: 50-GCCATCAACGACCCCTTC-30, anti-

sense: 50-AGCCCCAGCCTTCTCCA-30.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were car-

ried out using a ChIP assay kit (Millipore, Billerica, MA)

according to a modification of the manufacturer’s

instructions.3 To cross-link the protein–DNA complexes,

2 9 106 cells were fixed with 1% formaldehyde for

10 min at 37°. Then they were harvested and washed

twice with ice-cold PBS containing protease inhibitors

(1 mM PMSF, 1 lg/ml aprotinin and 1 lg/ml pepstatin

A). For the remaining steps of the protein isolation, all

buffers used to isolate the proteins contained protease

inhibitor cocktails. Cells were added to SDS lysis buffer

and incubated on ice for 10 min. Cell lysates were

sonicated to shear the DNA to lengths between 200 and

1000 base pairs and then centrifuged at 15 000 g for

10 min at 4°. The sonicated cell supernatants were

diluted 10-fold in ChIP dilution buffer and pre-cleared

with protein A-agarose/salmon sperm DNA for 30 min at

4° with agitation. The supernatant was recovered after

pelleting the agarose by centrifugation and then incubated

with specific antibody against STAT3 or STAT5 overnight

at 4°. The antibody–protein–DNA complexes were

collected by adding protein A-agarose/salmon sperm

DNA for 1 hr at 4° with rotation. Immunoprecipitated

antibody–protein–DNA complexes were washed according

to the described protocol. Chromatin complexes were

eluted with freshly prepared extraction buffer (1% SDS,
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0�1 M NaHCO3). To reverse cross-links, 5 M NaCl was

added to each eluate, and then the solution was heated to

65° for 5 hr. Proteins were digested with 10 mg/ml pro-

teinase K for 1 hr at 45°, and DNA was recovered by

phenol/chloroform extraction and ethanol precipitation.

DNA fragments were amplified by PCR using FoxP3-pro-

moter: forward: 50-CTTCCCATTCACATGGCAGGC-30;
reverse: 50-TTGCCCTTTACGAGTCAT CTG-30. For ChIP
re-ChIP assay, cross-linking, lysis, sonication and immu-

noprecipitation with STAT3-specific antibodies were per-

formed per normal ChIP assay. After the first round of

immunoprecipitation, DNA–protein complexes were

eluted and subjected to another round of immunoprecipi-

tation with STAT5-specific antibodies. Following this

step, the assay was continued as a routine ChIP assay.

Preparation of curcumin nano-particles

Four grams of curcumin (Sigma) was dissolved in 1 l of dis-

tilled ethanol by stirring on a magnetic stirrer at room tem-

perature and was filtered to obtain a clear solution. The

entire solution was then stirred in a high-speed homogenizer

at 16 000–20 000 g rpm and an equal volume of milliQ

water containing 0�1% citric acid was added over a period of

10 min when the solution (50% ethanol) became turbid with

nucleation of curcumin nano-particles. Further addition of

milliQ water containing 0�1% citric acid was continued with

vigorous stirring (16 000–20 000 g) till the ethanol concen-

tration became 40% (volume/volume). Then the entire sus-

pension was immediately homogenized in a high-pressure

homogenizer at 30 000–45 000 PSI for 3 hr and spray-dried

immediately in a Hitachi (Hitachi High Technologies, Tokyo,

Japan) spray dryer. Particle size and surface morphology of

the nano-particles were determined by a high-resolution

transmission electron microscope (TEM; JOEL 2100FR) and

scanning electron microscope (SEM; Carl Zeiss, Jena,

Germany, EM-LEO 435). For TEM, 20 ll of curcumin

nano-particle suspension was adsorbed on a carbon-coated

300-mesh copper grid, air-dried, stained with 1 M uranyl

acetate and then viewed under TEM. For SEM, dried nano-

curcumin/curcumin was loaded on a metal stub, gold-coated

under vacuum and then imaged with the SEM.

Quantitative fluorescent imaging

For quantitative fluorescent imaging, syngeneic breast can-

cer cells harvested from mice were allowed to adhere to

poly-L-lysine-coated slides. Adhered cells were then fixed

with 3% p-formaldehyde. Nuclei were labelled with 4,6-di-

amidino-2-phenylindole (DAPI) and cells were imaged

with an Olympus disc scanning microscope (Olympus

America, Center Valley, PA) fitted with an Andor EM-CCD

camera (Andor Technology, Belfast, NIR, UK). Fluores-

cence images were quantified with IMAGEJ software [NIH,

Bethesda, MD (http://imagej.nih.gov/ij/)].

Statistical analysis

Values are shown as standard error of mean (SEM)

except where otherwise indicated. Comparison of multi-

ple experimental groups was performed by two-way

analysis of variance followed by a post-hoc Bonferroni

modification of multiple comparison t-test. Data were

analysed and, when appropriate, significance of the dif-

ferences between mean values was determined by a Stu-

dent’s t-test. Results were considered significant at

P ≤ 0�05.

Results

TGF-b-induced CD25 triggered FoxP3 expression in
tumour-generated Treg cells

Regulatory T cells are defined by the expression of CD4,

CD25 and the transcription factor FoxP3 (CD4+ CD25+

FoxP3+). However, being a nuclear protein, FoxP3 is of

limited value in the isolation of Treg cells – a major rea-

son for many functional aspects of Treg cells remains

obscure. Hence, in addition to the phenotypic marker

IL-2Ra chain (CD25), IL-7Ra chain (CD127) was used to

characterize definitive CD4+ CD25+ CD127� Treg cells.

During the course of identifying the developmental stages

of these Treg-specific markers in peripheral circulation,

we observed that CD25 positivity starts in CD4+ T-cell

populations from as early as 12 hr of cell-free breast

tumour supernatant treatment and FoxP3 expression fol-

lowed CD25 (IL-2Ra) expression (Fig. 1a,b). The expres-

sion of high-affinity IL-2Ra subsequently enabled the

binding of trace amounts of IL-2 present in the system

on the Treg surface with higher affinity (Fig. 1b). Based

on this result, we presumed that IL-2/IL-2R-dependent

signalling might be responsible for FoxP3 expression. This

result also compelled us to investigate the mechanism of

Treg cell induction. In parallel, our results depicted in

Fig. 1(c) show that breast tumour produced and secreted

abundant TGF-b, which bound to the surface of CD4+ T

cells. Considering all these results, we hypothesized that

tumour-shed TGF-b induced CD25 in CD4+ T cells that

harboured IL-2 to elicit FoxP3 expression.

SMAD and STAT cooperatively regulated FoxP3
expression in tumour-induced Treg cells

To validate our hypothesis we next tested the involve-

ment of TGF-b in CD25+ Treg cell augmentation. When

naive (CD4+ CD25� CD127+) T cells were treated with

(i) supernatants of breast cancer cells transfected with

TGF-b-siRNA, or (ii) supernatants treated with TGF-b-
neutralizing antibody, augmentation of CD4+ CD25+

(CD127�) Treg cells was suppressed. In a parallel experi-

ment, TGF-b-signalling inhibitor, SB431542, also blocked
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such Treg cell augmentation (Fig. 2a). Hence, our results

signify that tumour-shed TGF-b induced CD25 in CD4+ T

cells that harboured IL-2 to elicit FoxP3 expression. For

cells to respond to their environment, external stimuli must

be received and transmitted to the nucleus through certain

signalling molecules. Hence, we next aimed to identify the

signalling molecules involved in TGF-b-mediated CD25

expression and the resultant IL-2-mediated FoxP3 expres-

sion during T-cell stimulation with tumour supernatant.

For this, CD4+ CD25+ (CD127�) Treg cells, induced in

tumour condition, were purified and lysed for further

analysis. SMAD family members have already been identi-

fied as essential intracellular signalling components of

TGF-b, which are either phosphorylated and/or translocat-

ed to the nucleus. Among different isoforms of SMAD pro-

tein, our Western blot analysis showed that SMAD3 was

intensely phosphorylated by ERK1/2 (Fig. 2c, left panel)

and phospho-SMAD3 as well as SMAD4 were translocated

to the nucleus in Treg cells (Fig. 2c, right panel). At this

juncture, translocation of SMAD3 and SMAD4 to nucleus,

before the increase in CD25 expression at both mRNA and

protein levels, raised the possibility of their involvement in

CD25 up-regulation (Fig. 2c). Complete eradication of

CD25 expression at both protein and mRNA levels in single

or double knockdown studies using siRNA against SMAD3

and SMAD4 finally confirmed their role in tumour-derived

TGF-b-mediated Treg development (Fig. 2d).

Purified CD4+ CD25+ (CD127�) Treg cells were fur-

ther analysed to discern the molecular mechanisms

behind IL-2-mediated induction of FoxP3 expression.

These cells exhibited increased phospho-JAK1 and phos-

pho-JAK3 status without altering phospho-JAK2 with

subsequent phosphorylation of STAT3 and STAT5

proteins among the different isoforms of STAT (Fig. 3a),

which coincided with FoxP3 induction in these cells. Our

time-dependent study showed that when cultured with

tumour supernatant, STAT3 and STAT5 hyper-activation

started at 12 hr followed by FoxP3 expression at 18 hr

(Fig. 3b, left panel). Real-time PCR data suggest that

foxp3-mRNA expression was commenced after cd25-
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Figure 1. Tumour cell free supernatant induces high-affinity interleukin-2 receptor CD25 and fork-head transcription factor FoxP3 in CD4+ reg-

ulatory T (Treg) cells. Human peripheral blood mononuclear cells from normal individuals were cultured with cell-free supernatant obtained

from primary culture of breast tumour cells. (a) Induction of CD25 and FoxP3 in CD4+ T cells at different time-points were determined flow

cytometrically. (b) Per cent CD4+ CD25+ (CD127�)/CD4+ CD25+ FoxP3+ and IL2-binding to CD4+ T-cell surface were analysed flow cytometri-

cally at different time-points and represented graphically. (c) Intracellular and secretion levels of transforming growth factor-b (TGF-b) in normal

or control-/TGF-b-siRNA-transfected human breast cancer cells were estimated by flow cytometry and by ELISA. Per cent TGF-b-binding to

CD4+ T cell surface treated with normal and siRNA-transfected breast cancer cell-supernatant were analysed flow cytometrically. Values are

mean � SEM or representative of five independent experiments.
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mRNA expression (Fig. 3b, right panel). Co-immunopre-

cipitation results depicted in Fig. 3(c) showed that STAT3

was associated with JAK1 whereas STAT5 was associated

with JAK3 to induce the transcription of foxp3. FoxP3

induction decreased significantly when STAT3 and STAT5

were silenced separately by RNA-interference. Interest-

ingly, when both the isoforms were knocked-out, FoxP3

induction was completely abolished (Fig. 3d, left panel).

This phenomenon was also suppressed by JAK/STAT

pathway inhibitor, Sunitinib (Fig. 3d, left panel). All this

information suggests that both the isoforms indeed con-

tributed to FoxP3 induction and JAK/STAT signalling

plays a pivotal role in Treg cell augmentation. It is well

established that STAT3 and STAT5 dimerize and bind to

the putative STAT-responsive elements at the responsive

gene promoter region. Consistent with the presence of

putative STAT-responsive elements at the foxp3 gene

locus, our ChIP/Re-ChIP data demonstrated STAT3–
STAT5 binding to the foxp3 promoter in these cells

(Fig. 3d, right panel). Interestingly, STAT3/STAT5 knock-

out resulted in decreased ChIP/ReChIP signals of foxp3

promoter (Fig. 3d, right panel).

Interestingly, although neutralization of IL-2 failed to

bring any change in tumour supernatant-induced CD25

expression, FoxP3 induction was completely blocked

(Fig. 3e). In contrast, TGF-b neutralization totally inhib-

ited up-regulation of both CD25 and FoxP3 (Fig. 3e).

Similarly, recombinant IL-2 alone could not induce

FoxP3 in the absence of tumour supernatant whereas,

when added along with TGF-b there was robust induc-

tion of FoxP3 even in the absence of tumour supernatant

(Fig. 3e). All of these results therefore confirmed that

both SMAD3/SMAD4-induced CD25 expression and

IL-2/CD25-mediated STAT3/STAT5 activation were man-

datory for the conversion of CD4+ CD25� FoxP3� T cells

to CD4+ CD25+ FoxP3+ definitive Treg cells.

MEK inhibitors blocked tumour-mediated induction
of Treg cells by reducing TGF-b production in
tumour cells

Our results signify that tumour-shed TGF-b induced

CD25/IL-2Ra in CD4+ T cells that harboured IL-2 to eli-

cit JAK/STAT-mediated foxp3 expression. Hence, we
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Figure 2. SMAD3 and SMAD4 mediated tumour-shed transforming growth factor-b (TGF-b)-induced CD25/interleukin-2 receptor a (IL-2Ra)
expression on CD4+ regulatory T (Treg) cells. (a) Graphical representation of percentage of CD4+ CD25+ CD127� Treg populations in T cells

cultured with recombinant-TGF-b or cell-free supernatants of control-/TGF-b-siRNA-transfected tumour cells or TGF-b neutralization antibody

or TGF-b-signalling inhibitor (SB431542) supplemented cell-free tumour supernatants. (b) Western blot analysis showing total and phosphoryla-

tion status of extracellular signal-regulated kinase 1/2 (ERK1/2), SMAD1, SMAD2, SMAD3 (left panel) and nuclear translocation of phospho-

SMAD3 and SMAD4 (right panel). (c) Time-dependent nuclear translocation of SMAD3/SMAD4 and induction of CD25 (left panel), as

determined by semi-quantitative Western blot analysis and relative expression levels of cd25-mRNA, as determined by quantitative PCR, in

tumour supernatant-treated CD4+ T cells (right panel). (d) Relative expression levels of CD25 at protein and mRNA levels were determined in

SMAD3- and/or SMAD4-silenced CD4+ T cells by semi-quantitative Western blot and quantitative PCR. The house-keeping genes a-actin/GAP-
DH were used as internal control. Values are mean � SEM or representative of five independent experiments.
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hypothesized that interference with TGF-b-signalling
could be a possible way to intervene in the generation of

tumour-induced Treg cells. Previously it has been shown

that TGF-b production is mediated through the MEK/

ERK cascade, which is hyper-activated in most of the can-

cer cells.36 That MEK/ERK cascade was indeed involved

in TGF-b production in our system was established when

primary breast cancer cells, treated with MEK inhibitor

U0126/curcumin or transfected with MEK-siRNA, exhib-

ited reduced phosphorylation and hence activation of

MEK and its downstream substrate ERK1/2, which fur-

ther correlated with inhibition of TGF-b expression

(Fig. 4a). Flow cytometric studies further confirmed that

intracellular TGF-b in these cells was dependent on the

MEK/ERK pathway because blocking either of them

reduced TGF-b levels (Fig. 4b). Similar results were

obtained with secretory-TGF-b, as confirmed by ELISA

(Fig. 4c, left panel). In conformity with the above find-

ings, supernatants from MEK-/ERK-inhibited breast can-

cer cells failed to augment CD4+ CD25+ (CD127�) Treg

cells (Fig. 4c, right panel). Since MEK/ERK inhibition

blocked TGF-b synthesis from tumour cells, we next

examined whether this effect was responsible for inhibit-

ing the whole signalling cascade leading to FoxP3 expres-

sion in Treg cells. When CD4+ T cells were exposed to

U0126-/curcumin-pretreated tumour supernatants,

SMAD3 phosphorylation along with nuclear SMAD4

translocation and CD25 induction were completely

diminished, which was accompanied with reduced phos-

phorylation of JAK1/JAK3 and STAT3/STAT5. This effect

of MEK/ERK inhibition finally resulted in reduced FoxP3

expression (Fig. 4d).

Establishing curcumin as a non-toxic
immunomodulator for reversing Treg cell
augmentation in tumour-bearing host

There is a usage advantage of curcumin over pharmacolog-

ical MEK inhibitor U0126, as curcumin is non-toxic to

normal cells (Fig. 5c).37 Hence, employing curcumin to
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Figure 3. CD25/IL-2Ra-mediated FoxP3 expression through Janus kinase/signal transducer and activator of transcription (JAK/STAT) activation.

(a) After incubation with tumour supernatant, CD4+ CD25+ (CD127�) regulatory T (Treg) cells were sorted and Western blot analysis for all pos-

sible form of total and phosphorylated form of JAK (left panel) and STAT (right panel) proteins was performed. (b) Time-dependent induction of

pY-STAT3, pY-STAT5, FoxP3 was analysed by semi-quantitative Western blot (left panel) and relative expression level of cd25 and foxp3 mRNAs

in tumour supernatant-treated CD4+ T cells were determined by quantitative PCR (right panel). (c) Co-immunoprecipitation studies revealed

direct association between JAK1/STAT3 and JAK3/STAT5 in CD4+ CD25+ (CD127�) T cells (upper panel). Expression of CD25 and FoxP3 was

evaluated in STAT3 and/or STAT5 siRNA transfected CD4+ CD25+ (CD127�) T cells in tumour condition (lower panel). (d) Human CD4+ T cells

were transfected with STAT3- and/or STAT5-shRNA or pre-treated with Sunitinib followed by tumour supernatant incubation and relative

expression levels of foxp3-mRNA were determined by quantitative PCR (right panel). ChIP re-ChIP studies were carried out to evaluate STAT3-/

STAT5-associative binding at foxp3 promoter using anti-STAT3 antibodies and then by reversing the second round of immunoprecipitation with

anti-STAT5 antibody of the first round immunoprecipitates followed by quantitative PCR with primers specific for the STAT-binding site of foxp3

promoter. (e) Western blot studies with interleukin-2 (IL-2)/ transforming growth factor-b (TGF-b) neutralization and recombinant-IL-2 and/or

TGF-b addition clearly stated that tumour-induced CD25/FoxP3 expression in Treg cells was indeed dependent on IL-2/TGF-b. The house-keeping
genes a-actin/GAPDH were used as internal control. Values are mean � SEM or representative of five independent experiments.
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inhibit tumour-shed TGF-b, which was involved in genera-

tion of Treg cells, seemed to be a more radical approach to

reverse Treg cell augmentation in the tumour microenvi-

ronment. However, in spite of its efficacy and safety, curcu-

min has not yet been approved as a therapeutic agent

against cancer. Poor bioavailability and metabolic instabil-

ity of curcumin have been highlighted as major hurdles of

its use.38 Nowadays, several formulations of curcumin,

which have been prepared by encapsulating curcumin into

polymeric nano-particles or by trapping curcumin into
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Figure 4. Mitogen-activated protein kinase

kinase (MEK)/ extracellular signal-regulated

kinase (ERK) inhibitors blocked transforming

growth factor-b (TGF-b) -induced regulatory

T (Treg) cell augmentation. (a) Western blot

representation of phospho-MEK, phospho-

ERK (p42/p44) and TGF-b patterns in

untreated or U0126-/curcumin-treated and

scramble control-siRNA or ERK-/MEK-siRNA-

transfected breast cancer cells. (b) Histogram

overlay of intracellular TGF-b levels in

untreated or U0126-/curcumin-treated and

untransfected or control-/TGF-b-/ERK-siRNA
transfected breast cancer cells. (c) TGF-b levels

in cell-free supernatant from control-/TGF-b-/
ERK-siRNA transfected and U0126-/curcumin-

treated breast cancer cells were determined by

ELISA (left panel). Graphical representation of

per cent CD4+ CD25+ (CD127�) Treg popula-

tions in T cells cultured with cell-free superna-

tants of U0126-/curcumin-treated and

control-/MEK-/ERK-siRNA-transfected cancer

cells (right panel). (d) Western blots analysis

depicting the effect of U0126/curcumin on

phospho-SMAD3, nuclear SMAD4, CD25 or

CD25-signalling intermediates [phospho-Janus

kinase (p-JAK1), p-JAK3, phospho-signal

transducer and activator of transcription 3

(p-STAT3), p-STAT5] leading to FoxP3

expression in CD4+ CD25+ (CD127�) Treg

cells. The housekeeping protein a-actin was

used as internal control. Values are

mean � SEM or the representative of five

independent experiments.
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dipeptide nano-particles, have been introduced to over-

come the problem related to poor bioavailability. In our

study, instead of using these conventional carrier-based

nano-formulations that do not contain curcumin in ‘nano’

form, we have prepared nano-particles from pure curcu-

min. In fact, our nano-particles that contain only curcumin

are less toxic in comparison to other available nano-formu-

lations (Fig. 5c). Electron microscope data (TEM and

SEM) revealed that these nano-particles are homogeneous

with an effective size of 200 � 10 nm (Fig. 5a) and are

more efficiently internalized into target cells where these

were retained for a longer time (Fig. 5a,b). As a result, for a

more radical therapeutic approach, we next planned to

check the role of curcumin and its nano-formulation in

reversing Treg cell augmentation in tumour-bearing mice.

In conformity with our assumption we observed that nano-

curcumin treatment significantly inhibited the induction of

CD4+ CD25+ FoxP3+ Treg cells in the regional lymph

nodes as well as in the tumour site of tumour-bearing mice.

This nano-curcumin is 50 times more effective than curcu-

min alone (Fig. 5d). Importantly, this nano-formulation,

even at a 50 times higher dose than curcumin, showed no

adverse effect in normal lymph nodes (Fig. 5d). Similarly,

in in vitro conditions, nano-curcumin, even at 50 times

lower concentration than curcumin, blocked the signalling

molecules that are responsible for TGF-b-mediated FoxP3

expression (Fig. 5e).

Discussion

Activated through RAS-stimulated RAF activity, MEK

activates a second protein kinase termed ERK. ERK

regulates downstream signalling complexes of transcrip-

tion factors that affect gene expression, rearrangements of

the cytoskeleton and metabolism.39 ERK acts to coordi-

nate responses to extracellular signals that result in the

regulation of proliferation, differentiation, senescence and

apoptosis.40 One or more activating genetic mutations of

Curcumin (SEM)

Nano-curcumin (SEM)

Nano-curcumin (TEM)

Vehivle

Curcumin

Nano-curcumin

Fluorescence DAPI

24

12

0

%
 C

D
4+

C
D

25
+
F

ox
P

3+
 C

el
ls

%
 C

D
4+

C
D

25
+
F

ox
P

3+
 C

el
ls

0·0 0·01 0·1 1·0 10 100

Dose of Curcumin (mg/kg) Dose of Curcumin (mg/kg)

40

20

0
0 1 50 0 1 50

80 000

40 000

0 000M
ea

n 
F

lu
or

es
ce

nt
 In

te
ns

ity

0 hr 48 hr

Nano-
Curcumin

Curcumin

Tumour Popliteal Lymph Treg

Normal Popliteal
Lymph Treg

 Tumour Infiltrating
Treg

Curcumin

Curcumin

IC50 IC50

Nano-
curcumin

Nano-
curcumin

N
ano

C
urcum

in
Total Protein

Smad3

Smad4

Jak1
Jak3

Stat3

Stat5

α-Actin α-Actin

p-Smad3

Smaf4 (N)

CD25

p-Jak1

p-Jak3

p-Stat3

p-Stat5

FoxP3

Control Tumour Control Tumour

V
ehicle

N
ano

C
urcum

in

V
ehicle

N
ano

C
urcum

in

V
ehicle

N
ano

C
urcum

in

V
ehicle

100

50

0

C
el

l V
ia

bi
lit

y

Curcumin
Nano
Curcumin

0 1 50 0 1 50

Dose of Curcumin (mg/kg)

2000 nm

200 nm

200 nm

189 nm

210 nm

PBMC Tumour cell
(a)

(d) (e)

(b) (c)

Figure 5. Nano-curcumin reversed regulatory T (Treg) cell augmentation in tumour-bearing mice at higher efficiency. (a) Scanning/transmission

electron microscopic images of curcumin and nano-curcumin (left panel). Syngeneic breast cancer cells 4T1 were implanted into the thigh-pad of

BALB/c mice and allowed to grow for 14 days. Then mice were treated with various doses of vehicle or curcumin/nano-curcumin. Green fluores-

cent (for curcumin)/DAPI images of 4T1 breast cancer cells isolated from vehicle/curcumin/nano-curcumin-fed mice (right panels). (b) Green

fluorescent images were quantified by IMAGEJ software and mean fluorescent intensity was plotted against time. (c) Toxicity level of curcumin/

nano-curcumin was determined by in vitro cell viability (Trypan blue dye-exclusion) assay of normal peripheral blood mononuclear cells and

4T1 cells. (d) Percentage of CD4+ CD25+ FoxP3+ Treg cells induced in tumour-draining lymph nodes (popliteal; left panel) and tumour-infiltrat-

ing lymphocytes of curcumin/nano-curcumin-treated tumour-bearing mice was determined by flow cytometry (right panel). Popliteal lymph

nodes of normal mice were used as control. (e) The levels of transforming growth factor-b (TGFb) -signalling intermediates, p-Smad3 and

nuclear Smad4, leading to CD25 and p-Jak1, p-Jak3, p-Stat3, p-Stat5, leading to FoxP3 expression in these cells were determined in the presence

of curcumin/nano-curcumin by Western blot. Values are mean � SEM or the representative of five independent experiments.
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many of the components of this pathway have been

found to be associated with cancers, clearly demonstrating

its importance to neoplastic transformation.41 Constitu-

tive ERK signalling results in the expression of transcrip-

tional products, such as cyclin D1, which allow entry into

the cell cycle, as well as repressing the expression of genes

that inhibit proliferation.42,43 Furthermore, ERK effectors

function in angiogenesis, migration, invasion and metas-

tasis.44 Recent findings also indicated the involvement of

MEK/ERK signalling in cancer cell evasion of the immune

system.45 The ERK-signalling pathways differentially regu-

late dendritic cell maturation and modulate the initial

commitment of naive helper T cells toward Th1 or Th2

subsets.46 In fact, activation of the ERK-pathway has been

implicated in immune evasion by playing a role in the

production of secreted immunosuppressive cytokines,

such as IL-6, IL-10 and vascular endothelial growth fac-

tor.47 Adding to this knowledge, our findings identified

the involvement of MEK/ERK signalling in TGF-b pro-

duction from breast cancer cells, which in turn mediated

the induction of Treg cells.

Although not required for generation of natural

CD4+ CD25+ (CD127�) Treg cells, evidence is accumu-

lating that TGF-b proteins are essential for the function

and survival of induced Treg cells.12,14,48 Our results are

in agreement with earlier reports where the addition of

TGF-b to CD4+ T-cell culture markedly enhanced CD25

expression through activation of transcription factors

SMAD3 and SMAD4. Because of the expression of this

high-affinity receptor, these CD4+ CD25+ cells can pre-

sumably respond to physiologically low concentrations of

IL-2. Interleukin-2 selectively up-regulated the expression

of FoxP3 in purified CD4+ CD25+ (CD127�) T cells but

not in CD4+ CD25� (CD127+) cells.49 This regulation

involved the binding of activated STAT3 and STAT5 pro-

teins to a highly conserved STAT-binding site located in

the first intron of the foxp3 gene.50,51 Neutralization of

IL-2 did not inhibit TGF-b-mediated enhancement

of CD25 expression but completely abolished the ability

of TGF-b to induce FoxP3. Our results further signify the

role of tumour-derived TGF-b and IL-2 in mediating

FoxP3 expression via JAK1/STAT3- and JAK3/STAT5-

signalling (Fig. 6).

Target-based therapies are widely considered to be the

future of cancer treatment and much attention has been

focused on developing inhibitors of the MEK/ERK signal-

ling pathway.52 Among several pharmacological MEK

inhibitors, PD98059 is a specific MEK inhibitor and a

useful tool in studying the MEK/ERK pathway.53 In cell

line studies, PD98059 treatment has been shown to

reverse the malignant phenotype of mutated RAS.54

Another highly specific, non-ATP-competitive inhibitor,

U0126, used in pre-clinical studies is more potent than

PD98059. Both compounds, however, have limited in vivo

activity in blocking phosphorylation of ERK and so were

not developed further.55 Additionally, phase I studies of

other MEK inhibitors have shown acceptable toxicity pro-

files at doses required to inhibit the target.55 Several stud-

ies from our laboratory have already acknowledged the

anti-cancer and immunoprotective role of the plant poly-

phenol curcumin in different tumour models.56–58 Hence

for a more radical therapeutic approach, we next planned

to check the role of curcumin in reversing Treg cell

induction as a potent MEK/ERK inhibitor. Fortunately,

curcumin, like other MEK/ERK inhibitors, down-regu-

lated TGF-b expression in breast cancer cells by inhibiting

IL-2

CD4

T Cell TGF-β

TGF-β

CD4

T Cell

CD25

IL-2

CD4

T Cell

FoxP3

CD25

IL-2

Immunosuppression

Nano-
curcumin

ERK/
SMAD3/SMAD4

Tumour

MEK/ERK

STAT3/STAT5

JAK1/JAK3Figure 6. Model showing sequential events

leading to induction of immunosuppressive

CD4+ CD25+ FoxP3+ regulatory T (Treg) cells

in breast cancer by way of transforming growth

factor-b/interleukin-2 (TGF-b/IL-2) signalling

pathways involving extracellular signal-

regulated kinase (ERK)/SMAD and Janus

kinase/signal transducer and activator of

transcription (JAK/STAT).
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MEK-mediated ERK activation. Although, acknowledged

globally as a ‘wonder drug of the future’ because of its

great potential abilities to prevent chronic diseases, low

bioavailability of curcumin has so far limited its medical

use.59 The low bioavailability of curcumin has been

attributed to its very low aqueous solubility, tendency to

degrade in the gastrointestinal tract in the physiological

environment, high rate of metabolism, and rapid systemic

elimination.60 Nanotechnology-based novel strategies are

being aggressively explored worldwide to enhance curcu-

min’s bioavailability and to reduce the perceived toxicity

because they offer several other additional benefits such

as improved cellular uptake, enhanced solubility and

excellent blood stability.61 In this regard, the nano-curcu-

min used in this study being only pure curcumin is

expected not to have any toxicity because no other mole-

cule is present in the formulation. Our results depicted

that even at 50 times less concentration than normal

curcumin, nano-curcumin, by inhibiting MEK/ERK,

blocked TGF-b-mediated CD4+ CD25+ FoxP3+ Treg cell

augmentation in tumour-bearing hosts.

Together our results explain the intricacies of MEK/

ERK-mediated TGF-b-signalling in FoxP3+ Treg cell

induction in the tumour microenvironment and its rever-

sal by curcumin thereby strengthening the candidature of

curcumin, particularly the nano formulation, as a phar-

macologically and immunologically safe anti-cancer drug.
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