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Abstract

Constitutive activation of the KRAS oncogene in human malignancies is associated with 

aggressive tumor growth and poor prognosis. Similar to other oncogenes, KRAS acts in a cell-

intrinsic manner to affect tumor growth or survival. However, we describe here a different, cell-

extrinsic, mechanism through which mutant KRAS contributes to tumor development. Tumor cells 

carrying mutated KRAS induced highly suppressive T cells, and silencing KRAS reversed this 

effect. Overexpression of the mutant KRASG12V gene in wild-type KRAS tumor cells led to Treg 

induction. We also demonstrate that mutant KRAS induces the secretion of interleukin-10 and 

transforming growth factor-β1 (both required for Treg induction) by tumor cells through the 

activation of the MEK-ERK-AP1 pathway. Finally, we report that inhibition of KRAS reduces the 

infiltration of Tregs in KRAS-driven lung tumorigenesis even before tumor formation. This cell-

extrinsic mechanism allows tumor cells harboring a mutant KRAS oncogene to escape immune 

recognition. Thus, an oncogene can promote tumor progression independent of its transforming 
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activity by increasing the number and function of Tregs. This has a significant clinical potential, in 

which targeting KRAS and its downstream signaling pathways could be used as powerful immune 

modulators in cancer immunotherapy.
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INTRODUCTION

Oncogenes act through cell-intrinsic mechanisms to promote tumor cell growth and survival. 

RAS proteins control signaling pathways important for cell survival and are the most 

common oncogenes in human cancers (1). Single amino acid mutations place RAS in a 

constitutively active state promoting tumor growth, angiogenesis, and metastasis (2). 

Mutations in KRAS are found in various human cancers and are associated with poor 

prognosis (3, 4). Although peptides derived from mutated KRAS are presented on the 

surface of tumor cells in the context of MHC and recognizable as tumor-associated antigens, 

tumors carrying a KRAS mutation fail to be eliminated by the immune system (5, 6). This 

could be attributed to the immunosuppressive tumor microenvironment, in particular, the 

suppressive regulatory T cells (Tregs), that play a role in promoting tumor progression (7–9).

Cancer cells overexpress immunosuppressive factors such as interleukin-10 (IL10) and 

transforming growth factor beta-1 (TGFβ1), both of which inhibit effector T-cell activity and 

stimulate Treg development (10–12). It has been suggested that Tregs are required for 

KRAS-mediated lung tumorigenesis (13). However, whether KRAS is involved in the 

induction of Treg has not been determined.

We investigated whether oncogenic KRAS could enhance the induction of Tregs. We found 

that, in comparison to tumor cells with wild-type KRAS, tumor cells carrying mutated 

KRAS induce suppressive Tregs by enhancing the secretion of IL10 and TGFβ1. Conversely, 

the inhibition of KRAS reduced the infiltration of Tregs into sites of KRAS-driven 

tumorigenesis.

Here, we identify a cell-extrinsic mechanism by which tumors carrying a KRAS mutation 

induce Tregs. This negative regulation of adaptive immunity through the induction of 

functional Tregs, combined with the well known cell-intrinsic effects of mutant KRAS, leads 

to the promotion of tumorigenesis.

MATERIALS AND METHODS

Cell lines, culture conditions, and inhibitors

Human cell lines established from primary tumors were purchased from American Type 

Culture Collection (ATCC). SW620 and SW480 are mutated KRAS colon cancer cell lines 

harboring a G12V mutation. Colo320 and WiDr are wild-type KRAS colon cancer cell lines. 

Cells were cultured in RPMI-1640 with 10% FCS, 100IU/ml penicillin, 100µg/ml 

streptomycin and 2mmol/l L-glutamine. Cell lines were routinely tested and confirmed 
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Mycoplasma negative (Hoechst stain, PCR, and standard culture tests). Cells were used 

within six months of purchase (between 2011 and 2012).

PD98059 and Curcumin (Sigma-Aldrich) were dissolved in DMSO at 10mM and used at 

20µM.

kR4A4 (Synthetic Biologics and Drug Discovery Facility, NCI-Frederick) is a potent KRAS 

inhibitor; a lipopeptide that mimics the C-terminal alpha-helix of KRAS and binds directly 

to KRAS. It inhibits cancer cells with GI50 in nanomolar ranges.

In vitro simulation culture assay (IVA) of tumor microenvironment (TME)

Peripheral blood mononuclear cells (PBMC) from normal donors were processed for Treg 

generation as described (14). Briefly, PBMC were isolated by centrifugation over Ficoll-

Hypaque gradients (GE Healthcare Bioscience) and separated into monocytes and 

lymphocytes via plastic adherence. Monocytes were differentiated into immature dendritic 

cells (iDC) by culturing in AIM-V with granulocyte macrophage colony-stimulating factor 

(GM-CSF; 1000IU/ml) and IL4 (4ng/ml) for 7 days. CD4+CD25− cells were isolated from 

the lymphocyte fraction using regulatory T cell Isolation Kit (Miltenyi). T cells (1 × 106) 

were co-incubated with iDC (1 × 105) and irradiated tumor cells (1 × 105) for 10 days in 

AIM-V medium. A cytokine cocktail optimized for Treg growth (IL2 (10 IU/ml), IL10 (20 

IU/ml) and IL15 (20 IU/ml)) was added on days 0, 3 and 6. On day 9, culture medium was 

replaced by fresh medium containing mAb OKT-3 (1µg/ml) and Brefeldin-A (1µg/ml). On 

day 10, lymphocytes and cell supernatant were harvested for phenotypic, functional, and 

cytokine analyses. To some cocultures, neutralizing IL10 mAb (clone 25209 at1µg/ml) or 

neutralizing TGFβ mAb (clone 9016 at 1µg/ml; R&D Systems) were added on day 0, 3, and 

6.

To rule out artefactual observations due to mixed-lymphocyte reactions resulting from HLA 

mismatches, experiments were repeated and results were consistent across multiple 

lymphocyte donors.

To assess whether cell-to-cell contact was necessary for tumor cells to mediate Treg 

induction, polycarbonate 24 well Transwell inserts (0.4µm; Corning Costar Corp) were used 

in the assay system.

Flow Cytometry

Cells were stained for flow cytometry as described (14). Briefly, cells were stained for 

surface markers (30 min, 4°C, in the dark), fixed, permeabilized, stained for intracellular 

markers (30 min, 4°C, in the dark), washed, resuspended in a flow solution and analyzed 

(EPICS® XL-MCL cytometer with Expo32 software (Beckman Coulter). Anti-human mAb 

used: anti-FOXP3 conjugated to fluorescein isothiocyanate (FITC, clone PCH101) from 

eBiosciences); anti–CTLA-4–phycoerythrin (PE), anti-IL10-PE (clone 127107), and anti-

TGFβ1-PE (clone 9016) from R&D Systems; and anti-CD3–phycoerythrin-cyanine 5 (PC5, 

clone UCHT1), anti-CD4− phycoerythrin-Texas Red conjugate (Energy Coupled Dye) 

(ECD, clone SFCI12T4D11), anti-CD4-PC5 (clone SFCI12T4D11), anti-CD25-PE (clone 

B1.49.9), and isotype controls from Beckman Coulter.
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Suppression Assay

CD4+CD25−T cells were stained with 1.5 µM CFSE (Life technologies/Invitrogen) and 

cocultured with Tregs as described (14). Briefly, CD4+CD25−T cells were stimulated with 

plate-bound CD3 mAb (2 µg/ml) and soluble CD28 mAb (2 µg/ml: Miltenyi Biotec) in 

complete AIM-V medium containing IL2 (150 IU/ml) in 96-well plates (1 × 105). 

Regulatory T cells obtained from the in vitro TME cultures were harvested, phenotyped (for 

expression of FOXP3, CTLA-4, CD122, IL10, and TGFβ1), counted, and added to 

CD4+CD25−T cells at 1:2 or 1:1. T-cell numbers ensured the proper CD4+CD25−:Treg. 

Cocultures were incubated for 5 days at 37°C. CFSE dilution was analysed using ModFit-LT 

software (Verity Software House), to assess T-cell proliferation and calculate the percent 

proliferation inhibition relative to proliferation of responder cells alone.

siRNA knockdown of endogenous KRAS, IL10, or TGFβ1

KRAS, IL10, or TGFβ1 was silenced using a pool of four siRNAs (SMARTpool siRNA; 

Dharmacon) containing targeting sequences against genes of interest.

KRAS smartpool sequences: GGAGGGCUUUCUUUGUGUA, 

UCAAAGACAAAGUGUGUAA, GAAGUUAUGGAAUUCCUUU, 

GAGAUAACACGAUGCGUAU.

IL10 smartpool sequences: UUAAUAAGCUCCAAGAGAA, 

UGGAGGACUUUAAGGGUUA, UGUCUGAGAUGAUCCAGUU, 

CAACCUGCCUAACAUGCUU.

TGFβ1 smartpool sequences: AUUGAGGGCUUUCGCCUUA, 

GCAGAGUACACACAGCAUA, CCGAGAAGCGGUACCUGAA, 

GGACUAUCCACCUGCAAGA.

Tumor cells were transfected with 100nM of KRAS-siRNA, IL10-siRNA, TGFβ1-siRNA, or 

control siRNA (siCONTROL nontargeting siRNA; Dharmacon) with Dharmafect 4 

(Dharmacon) according to manufacturer’s instructions.

Real Time RT-PCR

Total RNA was extracted from cells using RNeasy Mini Spin Kit (Qiagen). Quantitative RT–

PCR was performed using Express One-Step SYBR GreenER system (Invitrogen), and was 

carried out on a 7500 FAST Real-Time PCR System (Applied Biosystems). Relative 

quantification of target gene mRNA expression was calculated with comparative Ct method. 

Expression levels of target genes were normalized to an endogenous control (Gapdh 

housekeeping gene). Gene-specific PCR primers used: human KRAS; 

TCCTGACCTCAAGTGATTCACCCA (forward) and 

ACTGGCATCTGGTAGGCACTCAAT (reverse), human IL10; 

GGCGCTGTCATCGATTTCTT (forward) and TGGAGCTTATTAAAG GCATTCTTCA 

(reverse), human TGFβ1; ACAATTCCTGGCGATACCTCAG (forward) and 

TGCAGTGTGTTATCCCTGCTGTCA (reverse), human GAPDH; 

ACCCACTCCTCCACCTTTGA (forward) and GTCCACCACCCTGTTGCTGTA (reverse).
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Establishment of Colo320 cells stably expressing KRASG12V mutation

Colo320 cells were stably transfected with plasmids encoding empty vector (pBabe-puro, 

Addgene) or KRASG12V (pBabe-puro-KRAS 12V, Addgene) using Amaxa system (Lonza). 

Cells were screened with puromycin (1µg/ml; Merck) for 7 days. Survival clones were 

pooled and cultured in RPMI containing 1µg/ml puromycin.

TAM67 transient transfection

TAM67 was a gift from Dr. MJ. Birrer. SW620 cells were transiently transfected using 

Lipofectamine 2000 (Invitrogen) according to manufacturer’s recommendations.

Western-blot immunoassay

mAb used: mouse anti-KRAS (1:1,000; Novus Biologicals), rabbit anti-cJun (1:1,000; Santa 

Cruz), rabbit anti-phospho ERK (1:1,000), rabbit anti-ERK (1:2,000), rabbit anti-GAPDH 

(1:5,000), rabbit anti-β-tubulin (1:5,000), and Horseradish peroxidase-linked secondary 

antibodies (1:10,000) (Cell Signaling). Bands were visualized by chemiluminescence using 

X-ray film.

ELISA

Tumor cells (106) were seeded in 6 well plates with 2 ml complete RPMI medium. Two days 

later, the culture medium was collected and dead cells removed by centrifugation. IL10 and 

TGFβ1 concentrations in the supernatant were assayed with sandwich ELISA Kit (R&D 

Systems) according to manufacturer’s instructions.

LUMINEX

IL10 concentrations in in vitro culture supernatants were analyzed by LUMINEX, using a 

human cytokine 10-plex Ab bead kit (Biosource/Invitrogen) according to manufacturer’s 

instructions.

Mouse Treatment

A/J mice (Jackson Laboratories, Bar Harbor, ME) were housed according to the guidelines 

of the Animal Care and Use Committee of the National Institutes of Health. Mice (6 weeks 

old) were treated with three weekly doses of the tobacco-specific carcinogen 4-

methylnitrosamino-1-(3-pyridyl)-1-butanone NNK (EaglePicher Pharmaceuticals Lenexa, 

KS). NNK was prepared in 0.9% NaCl solution and delivered by i.p. injection at 100mg/kg. 

KRAS inhibitor kR4A4 was injected intravenously (twice a week for three weeks) or 

intraperitoneally (five times a week for three weeks) at 12.5mg/kg. At 9 weeks of age, and 

prior to tumor formation, mice were euthanized by cervical dislocation and lungs collected.

Detection of lung infiltrated Treg cells

Murine lung tissues were collected one week after the last NNK injection and dissociated 

using mechanical and enzymatic (Collagenase Type 1, Invitrogen) methods, as described 

(15). Lung-infiltrating CD4+Foxp3+ cells were analyzed using flow cytometry and the 

following anti-mouse mAbs (eBiosciences): anti-CD3-PE-Cy7 (clone 145-2C11), anti-CD4-

FITC (clone RM 4-5), and anti-Foxp3-Alexa700 (clone FJK-16s).
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Statistical analysis

Statistical parameters were calculated using GraphPad Prism and Microsoft Excel. Statistical 

significance was determined by paired t tests (P < 0.05 was considered statistically 

significant). Data are presented as means ± s.d. from three independent experiments.

RESULTS

Mutant KRAS tumor cells convert CD4+CD25− T cells into Tregs

Although mutant KRAS produces recognizable tumor antigens, these cells escape immune 

surveillance. This could be attributed to a suppressive microenvironment, to which Treg cells 

are major contributors. We therefore tested whether mutant KRAS can induce functional 

Tregs.

We used an in vitro culture assay (IVA) that simulated the human tumor microenvironment 

(TME) (14). Briefly, CD4+CD25− T cells were cocultured with autologous iDC and 

irradiated tumor cells in the presence of IL2, IL10, and IL15. Four colon cancer cell lines 

were assessed that expressed either wild type (WT) (Colo320, Widr) or mutant (SW620, 

SW480) KRAS. Lymphocytes were phenotyped and functionally evaluated after 10 days. 

We found that, in the presence of mutant KRAS tumor cells, a high percentage of 

CD4+CD25−T cells were converted to Tregs as characterized by expression of FOXP3, 

CTLA-4, and CD122 (Fig. 1A and B). In contrast, cocultures established with WT KRAS 

tumor cells contained significantly fewer Tregs (Fig. 1A and B).

To determine whether Tregs generated in the presence of mutant KRAS were functional, we 

evaluated their ability to suppress proliferation of activated T cells. T cells from the in vitro 

TME culture were co-incubated with CFSE-labeled autologous CD4+CD25−responder cells 

stimulated with CD3 and CD28 mAbs. Cocultures were set up at the Treg: CD4+CD25− 

ratio of 1:2 or 1:1.Regulatory T cells generated in cocultures with mutated KRAS mediated 

stronger suppression than those generated with WT KRAS (Fig. 1C and D). As Tregs may 

exert their suppressive function through secretion of IL10 and TGFβ1 (16, 17), we examined 

the secretion of these cytokines in the supernatants. We found that T cells isolated from 

cocultures containing mutant KRAS secreted significantly more IL10 and TGFβ1 than those 

from culture containing WT KRAS (Figure 1E). This was further confirmed by intracellular 

staining (Fig. 1F and G).

Taken together, these data show that tumor cells with KRAS mutations can significantly 

enhance the induction and function of Tregs when compared to tumor cells with WT KRAS.

Mutated KRAS in tumors directly responsible for Treg induction

We have shown that tumor cells carrying mutated KRAS could convert a higher percentage 

of CD4+CD25−T cells to Tregs when compared to WT KRAS. To investigate whether 

constitutive activation of KRAS was the direct cause of conversion to Treg, we used siRNA 

to knockdown KRAS.

Endogenous KRAS protein levels were efficiently and specifically reduced with KRAS-

specific siRNA pool (Fig. 2A). We found that disruption of KRAS abrogates the ability to 
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convert CD4+CD25−T cells into Tregs. Indeed, knockdown of KRAS resulted in a 

significantly decreased number of FOXP3+, CTLA-4+ and CD122+ T cells (Fig. 2B). 

Whereas silencing KRAS in WT KRAS tumor cells had no effect on T-cell conversion (Fig. 

2B). We also observed that T cells generated in cocultures containing silenced KRAS 

mediated significantly lower suppression, similar to those generated in the presence of WT 

KRAS (Fig. 2C). To further analyze the effect of silencing KRAS on Treg function, 

intracellular staining for the suppressive cytokines IL10 and TGFβ1 was performed. As 

expected, silencing KRAS in WT KRAS tumor cells did not affect the percentage of IL10- 

and TGFβ1-expressing cells (Fig. 2D). However, silencing KRAS in tumor cells with mutant 

KRAS, significantly reduced the number of Treg cells that express IL10 and TGFβ1 (Fig. 

2D).

These findings confirm that constitutive activation of KRAS in cancer cells was responsible 

for the induction of suppressive Treg.

To further verify the role of KRAS in mediating Treg conversion, WT KRAS tumor cells 

were stably transfected with cDNA encoding the KRASG12V mutation or with an empty 

vector (pBABE-puro) (Supplemental Fig. S1A). T cells cocultured with tumor cells 

transfected with KRASG12V contained significantly more FOXP3+, CTLA-4+, and CD122+ 

cells (Fig. 3A and Supplemental Fig. S1B). Moreover, functional analysis of T lymphocytes 

cocultured with KRASG12V-transfected Colo320 cells had more suppressor activity (Fig. 

3B). This correlated with an increase in intracellular IL10 and TGFβ1 (Fig. 3C and 

Supplemental Fig,S1B).

Treg induction by mutant KRAS mediated through IL10 and TGFβ1

We have shown that tumor cells with mutant KRAS induce a higher percentage of highly 

functional Treg in comparison to WT KRAS.

To delineate the exact mechanism by which constitutive activation of KRAS induces highly 

functional Treg, we investigated whether the induction requires direct cell-cell interaction. 

Transwell inserts separating SW620 cells from CD4+CD25−T cells were used. We observed 

that the percentage of FOXP3+ cells (Fig. 4A), as well as the suppressive activity and 

cytokine levels (Fig. 4B) were unaffected by the presence of transwell inserts. This indicated 

that direct contact between tumor cells and CD4+CD25−T cells was not required for Treg 

generation. These findings also suggested that mutated KRAS tumor cells may negatively 

modulate immune responses by secreting factors that promote Treg induction.

Interleukin-10 and TGFβ1 are secreted by many tumors and play a role in Treg induction 

(10, 18). We therefore investigated their effects by testing whether their neutralization in the 

in vitro TME culture could inhibit the ability to induce Treg. Neutralization of IL10 or 

TGFβ1 resulted in a significant reduction in FOXP3+ T cells (Fig. 4C) and mediated 

significantly less suppression (Fig. 4D). Not surprisingly, intracellular expression of IL10 

and TGFβ1 was significantly reduced in the presence of neutralizing antibodies (Fig. 4E).
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We next investigated whether IL10 and TGFβ1 are secreted by tumor cells carrying mutated 

KRAS. We analyzed supernatants of WT or mutated KRAS tumor cells and found that cells 

expressing mutated KRAS secreted more IL10 and TGFβ1 (Fig. 4F).

To further test whether the secretion of IL10 and TGFβ1 was directly responsible for Treg 

induction, we performed the in vitro TME culture with mutated KRAS tumor cells treated 

with IL10, TGFβ1, or control siRNA. We observed that silencing endogenous IL10 or 

TGFβ1 (Fig. 5A) resulted in a significant decrease in the conversion of CD4+CD25−T cells 

to Treg (Fig. 5B) and resulted in generating T cells with reduced suppressive ability (Fig. 

5C) and lower number of IL10+ and TGFβ1+ T cells (Fig. 5D).

Mutant KRAS led to induction of IL10 and TGFβ1

To examine whether mutated KRAS directly causes the increase of IL10 and TGFβ1 

secretion, we disrupted KRAS signaling (KRAS siRNA) in tumor cells carrying mutated or 

WT KRAS and evaluated the effects on IL10 and TGFβ1. The mRNA expression these 

cytokines was attenuated by 50% in SW620, whereas knockdown of KRAS in Colo320 had 

no significant effect (Fig. 6A). These findings were confirmed at the protein level (Fig. 6B).

We also found that overexpression of mutant KRAS in tumor cells harboring WT KRAS 

resulted in an increase of IL10 and TGFβ1 mRNA (Fig. 6C).

Taken together, these data indicated that constitutive KRAS activation drove the secretion of 

IL10 and TGFβ1.

MEK-ERK-AP1 pathway mediated IL10 and TGFβ1 increase

We have shown that tumors with mutated KRAS induced the development of highly 

suppressive Treg and that this induction was mediated through the production of IL10 and 

TGFβ1.

We next addressed the mechanisms through which mutant KRAS enhances the expression of 

these cytokines. Oncogenic KRAS leads to the activation of MEK-ERK pathway; we 

therefore confirmed that this pathway was activated in mutated KRAS cells. Indeed, 

silencing KRAS resulted in decreased activation of ERK as determined by less phospho-

ERK (Fig. 7A).

We next examined the effect of MEK inhibitor, PD98059, on KRAS-induced IL10 and 

TGFβ1 production. Incubation of SW620 with PD98059 was associated with a significant 

decrease in IL10 and TGFβ1 mRNA and secreted protein (Fig. 7B and C), suggesting that 

MEK was critical for their expression.

Given that ERK can modulate gene expression by activating several transcription factors, 

such as AP-1, and that the human promoters of IL10 and TGFβ1 contain several binding 

sites for AP-1 (19–21), we hypothesized that AP-1 could be involved in KRAS-induced 

transcription of IL10 and TGFβ1. To explore this possibility, we incubated SW620 cells with 

curcumin, an AP-1 inhibitor (22). The addition of curcumin significantly reduced IL10 and 

TGFβ1 production (Fig. 7D and E), suggesting that AP-1 may play a role in their 
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upregulation. Additional confirmation was obtained using a dominant negative mutant of c-

Jun (component of AP-1), TAM67. This mutant specifically inhibits AP-1 activity (23). 

Expression of TAM67 protein was determined 24h after transient transfection of SW620 

cells (Fig. 7F). Expression of IL10 and TGFβ1 was downregulated by TAM67 (Fig. 7G and 

H).

Together, these data demonstrate that oncogenic KRAS induced the expression of IL10 and 

TGFβ1 through activation of the MEK-ERK-AP-1 pathway.

KRAS inhibition prevented Treg infiltration in lung tumorigenesis model

Activating mutations in KRAS have been identified in approximately 25% of human lung 

adenocarcinomas primarily associated with smoking (24). In preclinical models, KRAS 

mutations are present in over 90% of lung tumors induced by the tobacco-specific 

carcinogen 4-methylnitrosamino-1-(3-pyridyl)-1-butanone (NNK) (25, 26). Exposure of A/J 

mice to NNK increases the number of lung-associated Tregs before tumors develop (13).

To assess whether NNK-induced lung Treg infiltration directly correlated with NNK-

induced KRAS mutation, A/J mice were treated with NNK, with or without treatment with 

the KRAS inhibitor kR4A4. One week after the last NNK dose, mice were euthanized and 

their lungs analyzed to assess lung-infiltrating Tregs. The analysis was carried out before 

tumors formed, so that tumor size did not affect the number of detected Tregs. This specific 

model was used to avoid the disadvantage of other tumor models, in which the number of 

tumor-infiltrating cells could be misinterpreted based on variability of tumor size. This 

model also avoids conflating Treg homing to the tumor and intratumoral conversion, because 

Treg assessment is made prior to tumor formation, hence, no Treg homing can be detected at 

this stage.

Administration of NNK markedly increased the number of Treg in lung tissues (Fig. 7I). 

Treatment of NNK-treated mice with kR4A4 partially reversed the induction of lung 

associated Treg (Fig. 7I). Thus, we have demonstrated tumor KRAS–dependent modulation 

of Treg infiltration in lung cancer precursor lesions.

DISCUSSION

Constitutive activation of KRAS in human malignancies is associated with aggressive tumor 

growth and poor prognosis (3, 4). Similar to other oncogenes, KRAS acts in a cell-intrinsic 

manner to affect tumor growth by affecting apoptosis, angiogenesis and tumor invasiveness 

(2). Tumor cells carrying mutated KRAS upregulate cell cycle regulatory and anti-apoptotic 

genes (27, 28) and mutated KRAS proteins stimulate vascular endothelial growth factor and 

matrix metalloproteases production, promoting angiogenesis and metastasis (29, 30). 

However, a cell-extrinsic role of mutated KRAS in modulating the tumor microenvironment, 

in particular the immune response, has yet not been identified.

Despite the fact that mutated KRAS is a tumor-associated antigen (5), tumor cells carrying 

the mutated KRAS evade immune recognition. Indeed, although immunization of advanced 

cancer patients with mutant KRAS peptide vaccines generates specific immune responses, 
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seldom have any clinical responses to these vaccines been demonstrated (6, 31, 32). 

Silencing mutated KRAS in colorectal cancer cells reduces the formation of subcutaneous 

tumors in immune-competent mice, but not in immune-deficient mice (33). Although these 

findings suggest that mutated KRAS may contribute to initiation and maintenance of tumor 

growth by evasion from the immune system, the role of mutated KRAS in this process has 

not been defined.

A growing body of evidence suggests the presence of interplay between oncognenic 

mutations and antitumor immunity. Oncogenic BRAF(V600E) promotes immune evasion by 

promoting internalization of MHC class I from melanoma cell surface (34), suppressing 

expression of melanocyte differentiation antigens (35), suppressing dendritic cell function 

(36), and enhancing the production of immune suppressive cytokines (37, 38). Inhibition of 

BRAF(V600E) reverses all these effects, rendering melanoma cells more recognizable by T 

cells (35, 36, 38).

In this work, we investigated whether the presence of mutated KRAS in tumors suppresses 

the immune system as a mechanism to escape immune recognition. We found that tumor 

cells expressing mutated KRAS generated suppressive Tregs and that silencing KRAS 

significantly reduced this ability. We also found that, although tumor cells with WT KRAS 

induced an insignificant number of Tregs, mutant KRASG12V gene transfection into these 

cells significantly enhanced their ability to induce suppressive Tregs.

We also show that mutant KRAS drove the secretion of IL10 and TGFβ1 by tumor cells, 

which are responsible—at least in part—for Treg induction (10, 18). When the secretion of 

these immunosuppressive cytokines was inhibited, Treg generation was significantly 

reduced. Silencing KRAS resulted in a significant reduction in the production of these 

cytokines. On the other hand, the introduction of mutant KRASG12V gene into tumor cells 

with WT KRAS significantly enhanced their ability to produce IL10 and TGFβ1, thus 

confirming the role of KRAS in the production of these cytokines.

Our data also demonstrate an important role for the MEK-ERK-AP-1 signaling pathway in 

mutant KRAS-driven secretion of IL10 and TGFβ1. Inhibition of MEK and AP-1 in tumor 

cells with mutated KRAS resulted in a significant reduction in the production of IL10 and 

TGFβ1. Our findings align with a recent report that showed that MEK inhibition mitigates 

TGFβ production in tumor cells, hence reducing their ability to induce Tregs (39).

The role of KRAS in the induction of Tregs can be utilized to mitigate tumor infiltrating 

Tregs. Here, we report that KRAS inhibition reduced the number of Tregs induced by 

tobacco carcinogen NNK in lung tissues even prior to tumor development.

Combined inhibition of MEK and Akt (both downstream of KRAS), resulted in an enhanced 

antitumor therapeutic efficacy greater than either single treatment (40). This results from 

induction of apoptosis and proliferation inhibition in tumor cells by these inhibitors (40). 

This is not surprising, as in tumors harboring mutant KRAS, MEK inhibition enhances Akt 

phosphorylation, thus enhancing cell proliferation (41). This is thought to be due to the 

interaction between the MEK-ERK and the PI3K-Akt pathway (42, 43). In fact, mutations in 

both these pathways are common in many cancers (44). Therefore, targeting both pathways 
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results in an enhanced antitumor efficacy (40, 45). This has significant clinical implications, 

especially due to the role of the PI3K-Akt pathway in modulating the immune response in 

the tumor microenvironment. We previously reported that Akt inhibition results in a 

selective inhibition of Tregs, which translates into significant antitumor therapeutic efficacy 

(46). Our group and others have also shown that Akt inhibition enhances the effector arm of 

the immune response by enhancing the memory CD8 population and diminishing terminal 

differentiation of cytotoxic CD8 T cells. This translates into an enhanced antitumor immune 

response (47, 48).

Taken together, our findings demonstrate that oncogenic KRAS in cancer cells negatively 

regulates T cell immunity by inducing Tregs. We identified here a tumor cell–extrinsic role 

for oncogenic signaling pathways within tumor cells that ultimately promoted immunologic 

tolerance in the microenvironment through the expansion of the suppressive compartment.

We believe that our findings have important implications for therapeutic interventions in 

patients with mutated KRAS tumors. Indeed, oncogenic mutations of KRAS have emerged 

as a common mechanism of resistance against epidermal growth factor receptor (EGFR)-

directed tumor therapy (49, 50). As tumor-mediated immune suppression represents a major 

obstacle to the stimulation of antitumor T-cell responses necessary for clinical effects, 

targeting IL10 and TGFβ1 might thus represent an attractive strategy to augment efficacy of 

antitumor immune therapies. Inhibition of MEK-ERK-AP-1 signaling pathway may also 

provide a route to blocking tumor immune evasion, as well as tumor proliferation and 

survival. These findings also suggest the utility of combining the inhibition of the MEK-

ERK-AP-1 pathway with other immune modulators to further enhance the antitumor 

immune response.

In conclusion, here, we describe a cell-extrinsic mechanism through which mutated KRAS 

inhibits antitumor immune responses and augments its own cell-intrinsic oncogenic 

potential. This has significant clinical implications for immune modulation of tumors with 

KRAS mutations.
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Figure 1. Tumors with mutated KRAS could induce Tregs
(A and B) T lymphocytes were cocultured with tumor cells carrying WT (Colo320) or 

mutated (SW620) KRAS. (A) Representative dot plots (B) The percentage of CD4+FOXP3+, 

CD4+CTLA-4+ and CD4+CD122+ T cells cocultured with mutated KRAS (SW620, SW480) 

was significantly higher than WT KRAS (Colo320, Widr). (C and D) Suppressor activity of 

Tregs generated by in vitro assay (IVA) culture simulating the tumor microenvironment co-

incubated at 1:2 or 1:1 with CFSE-labeled CD4+CD25−T cells (C) Representative example 

(Percentages represent percent inhibition of proliferation relative to proliferation of 

responder cells alone) (D) Cells generated in cultures with mutated KRAS tumor cells 

possessed a significantly higher suppressive ability than WT KRAS. (E) T cells generated 

from cocultures with mutant KRAS tumor cells secreted significantly higher amounts of 

IL10 and TGFβ1 than WT KRAS (Protein concentrations in supernatants). (F and G) (F) 
Representative dot plots (G) The percentage of IL10- and TGFβ1-positive cells was 

significantly higher in lymphocytes cocultured with mutant KRAS tumor cells than with WT 

KRAS (Intracellular expression). Data are means ± s.d. from three independent experiments, 

*P < 0.05, ** P < 0.005 (Student’s t-test).).
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Figure 2. Silencing KRAS in mutated KRAS tumor cells prevented Treg induction
Wild-type (Colo320, Widr) or mutated KRAS (SW620, SW480) tumor cells were treated 

with control or KRAS siRNA. (A) KRAS levels were evaluated three days after transfection 

by Western-blot. Silencing KRAS in SW620 and SW480 resulted in a significant reduction 

in (B) FOXP3+ T-cell generation, (C) the suppressive ability, and (D) the percentage of cells 

expressing intracellular IL10 and TGFβ1. Data are means ± s.d. from three independent 

experiments, *P < 0.05, ** P < 0.005 (compared to untransfected cells; Student’s t-test).).
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Figure 3. Overexpression of mutant KRASG12V in wild-type KRAS tumor cells induced Treg 
conversion
(A) The percentage of FOXP3+ T lymphocytes, (B) the suppressive ability, and (C) the 

percentage of cells expressing intracellular IL10 and TGFβ1 in T cells generated with WT 

KRAS tumor cells overexpressing mutant KRASG12V plasmid (KRAS Pd) was significantly 

higher than WT cells. Data are means ± s.d. from three independent experiments, *P < 0.05, 
** P < 0.005 (compared to untransfected Colo320 cells; Student’s t-test).
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Figure 4. Treg conversion by mutated KRAS did not require direct cell-cell contact, and 
neutralization of IL10 and TGFβ1 prevened Treg induction
(A and B) T cells generated from cocultures with mutated KRAS (SW620) in the presence 

or absence of transwell inserts did not show any differences in (A) the percentage of 

FOXP3+ T-lymphocytes and (B) the suppressive activity. (C–E) T cells generated from 

cocultures with mutated KRAS tumor cells in the presence of neutralizing mAbs to IL10 or -

TGFβ1 had a significantly lower (C) percentage of FOXP3+ T lymphocytes, (D) suppressive 

activity, and (E) intracellular expression of IL10 and TGFβ1. (F) Secretion of IL10 and 

TGFβ1 in the supernatant of mutated KRAS tumor cells (SW620) was significantly higher 

than wild-type (Colo320).
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Data are means ± s.d. from three independent experiments, *P < 0.05, ** P < 0.005 
(compared to untreated cells; Student’s t-test).).
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Figure 5. Silencing IL10 and TGFβ1 in mutated KRAS tumor cells prevented Treg induction
SW620 cells were treated with control, IL10 or TGFβ1 siRNA. (A) IL10 or TGFβ1 levels 

were evaluated three days after transfection (Real-time PCR) (representative example of 

three independent experiments). When endogenous IL10 or TGFβ1 were silenced there was 

a reduction in (B) the percentage of FOXP3+, CTLA-4+, and CD122+ T lymphocytes, (C) 
suppressive activity, and (D) the percentage of T cells expressing intracellular IL10 and 

TGFβ1.
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Data are means ± s.d. from three independent experiments, *P < 0.05, ** P < 0.005 
(compared to untransfected SW620 cells; Student’s t-test).).
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Figure 6. Mutated KRAS led to the secretion of IL10 and TGFβ1
Silencing KRAS resulted in a significant reduction of (A) IL10 and TGFβ1 mRNA 

expression and (B) IL10 and TGFβ1 secretion from mutated KRAS tumor cells (SW620). 

(C) Overexpression of mutant KRAS in wild-type KRAS (Colo320) resulted in a significant 

increase in IL10 and TGFβ1 mRNA. Data are means ± s.d. from three independent 

experiments, *P < 0.05, ** P < 0.005.
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Figure 7. Mutated KRAS tumor cells upregulate IL10 and TGFβ1 expression through the 
activation of the MEK-ERK-AP-1 pathway
(A) Silencing KRAS in SW620 resulted in a significant reduction in the phosphorylation of 

ERK. (B and C) MEK inhibitor (PD98059) significantly reduced IL10 and TGFβ1 (B) 
mRNA and (C) secreted protein. (D and E) AP-1 inhibitor (curcumin) significantly reduces 

IL10 and TGFβ1 (D) mRNA and (E) secreted protein. (F) Expression of TAM67 in SW620 

after transfection with Lipofectamine 2000. (G and H) TAM67 significantly reduced IL10 

and TGFβ1 (G) mRNA and (H) secreted protein. (I) Inhibition of KRAS prevented Treg 

infiltration in a tobacco carcinogen-driven lung tumorigenesis model. Three weekly doses of 

NNK were administered into AJ mice, and Treg lung infiltration was assessed one week 

after completion of NNK treatment (prior to tumor development). NNK markedly increased 

the number of Treg in lung tissues. Treatment with the KRAS inhibitor kR4A4 partially 

reversed the induction of Treg by NNK. Data are means ± s.d. from three independent 

experiments, *P < 0.05, ** P < 0.005.
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