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Abstract The role of tumor-induced immune modulation

in cancer progression is currently a focus of investigation.

The signal transducer and activator of transcription 3

(STAT3) is an established molecular hub of immunosup-

pression, and its signaling pathways are classically over-

activated within malignancies. This article will review

STAT3 operational mechanisms within the immune system

and the tumor microenvironment, with a focus on

therapeutic strategies that may impact outcomes for pa-

tients with cancer.

Keywords STAT3 � Glioblastoma � Immune suppression

Introduction

The roles of angiogenesis, invasion, cell proliferation, and

survival in tumorigenesis are well established and these

elements recognized as hallmarks of cancer. The impact of

tumor-induced immune suppression on tumor progression

and prognosis has more recently been a subject of intense

investigation. The signal transducer and activator of tran-

scription 3 (STAT3) has been demonstrated to be a key

mediator in the molecular mechanisms governing tumor

escape from immune surveillance, while also driving tumor

progression. This article will review the role of STAT3 in

the interplay between the tumor microenvironment and the

immune system and how this interaction in turn contributes

to tumor progression, with a focus on glioma.

STAT3 and tumorigenesis

STAT3 belongs to the family of cytoplasmic transcription

factors activated by tyrosine kinases. Common STAT3 ac-

tivators include JAK (Janus family) kinases, SRC kinases,

growth factor receptors that have intrinsic tyrosine-kinase

activity (i.e., epidermal growth factor receptor [EGFR],

platelet-derived growth factor [PDGFR]), and extracellular

cytokines such as IL-6 [1]. STAT3 exists in an inactive

monomer form. Once activated via phosphorylation, STAT3

(pSTAT3) dimerizes and translocates into the nucleus where

it regulates gene transcription [1, 2]. STAT3 influences the

expression of a wide array of genes involved in apoptosis,

cell migration, cell cycle regulation, angiogenesis, and

modulation of immunosuppressive factors [1, 2].

Under normal physiological conditions, STAT3 activa-

tion is tightly regulated by a variety of inhibitory mole-

cules. Suppressor of cytokine signaling (SOCS) proteins,

specifically SOCS3, disrupt JAK/STAT3 signaling by

degradation of JAKs and blocking STAT3 binding to re-

ceptor subunits [2]. Alternatively, protein inhibitor of ac-

tivated STAT (PIAS) functions by blocking STAT3 DNA-

binding activity, hence inhibiting gene transcription [3].

Lastly, protein tyrosine phosphatases deactivate STAT3 via

dephosphorylation [3].

STAT3 signaling can lead to abnormal overactivation of

several pro-oncogenic mechanisms. For example, consti-

tutive activation of STAT3 can confer resistance to apop-

tosis and enhanced cell proliferation by activation of

antiapoptotic molecules such as Bcl-XL and survivin [4].

STAT3 overactivation contributes to tumor invasiveness by

upregulation of matrix metallopeptides (MMP-2 and

S. D. Ferguson (&) � V. M. Srinivasan � A. B. Heimberger

Department of Neurosurgery, The University of Texas M.

D. Anderson Cancer Center, 1400 Holcombe Blvd., Unit 442,

Houston, TX 77030, USA

e-mail: sdferguson@mdanderson.org

A. B. Heimberger

e-mail: aheimber@mdanderson.org

123

J Neurooncol (2015) 123:385–394

DOI 10.1007/s11060-015-1731-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s11060-015-1731-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11060-015-1731-3&amp;domain=pdf


MMP-9) and focal adhesion kinase (FAK) [5]. STAT3 also

promotes tumor angiogenesis via interaction with vascular

endothelial growth factor (VEGF) [6]. Cumulatively, these

discoveries have led to the finding that STAT3 is associ-

ated with a spectrum of human cancers [2, 7]. Grandis et al.

were among the first to describe the link between consti-

tutive STAT3 activation in malignancy by demonstrating

that STAT3 activation is required for growth of human

head and neck cancer [8]. Later studies have demonstrated

the role of STAT3 in other malignancies [9, 10].

We have previously characterized the effect of STAT3

expression on glioma progression in vivo using the Ntv-A

transgenic mouse system. When platelet-derived growth

factor B (PDGFB) is expressed in glioneuronal progenitor

cells, low-grade gliomas are induced. However, coexpres-

sion of STAT3 with PDGFB in mice results in the induc-

tion of high-grade gliomas. When mice injected with

PDGFB and STAT3 were treated with a STAT3 inhibitor,

their median survival time increased, and the incidence of

high grade glioma and CD31 (a marker of endothelial

proliferation) expression decreased significantly [11].

STAT3 has also been shown to be required for the main-

tenance of glioblastoma stem cells [12].

Upregulation of STAT3 is also emerging as a mechan-

ism of treatment resistance. For example, anti-PD-1 anti-

bodies have been shown to enhance p-STAT3 expression

[13]. BRAF resistance in melanoma has been shown to lead

to increased expression of PD-L1, which is mediated by

STAT3 [14]. Furthermore, we have shown that the use of

bevacizumab in glioblastoma up regulates STAT3 [15].

STAT3 as a biomarker

STAT3 has been shown to be a negative prognostic marker

in patients with a variety of malignancies including glioma

[16, 17]. Lin et al., examined p-STAT3 expression in 90

newly diagnosed glioblastoma multiforme (GBM) patients

and correlated its expression with clinical outcome. Uni-

variate analysis showed a significant correlation between

p-STAT3 expression and survival. Specifically low

p-STAT3 expression was associated with an overall median

survival of 20 months versus 9 months in patients harboring

tumors with high p-STAT3 expression. Multivariate analysis

confirmed that high p-STAT3 expression was an indepen-

dent predictor of shorter progression-free and overall sur-

vival [16]. Activation of STAT3 via phosphorylation at

tyrosine 705 (pTyr705) or serine 727 (pSer727) has been

shown to promote tumorgenesis. Lin et al., showed that

GBM patients whose tumors expressed both high pTyr705-

STAT3 and high pSer727-STAT3 displayed significantly

shorter progression free survival compared to patients with

phosphorylation at 1 site [17]. Tu et al. investigated the

JAK/STAT3 signaling pathway in patients’ glioma samples

and found that in glioma patients expressing components of

this signaling axis, prognosis was diminished. Once again,

multivariate analysis showed that STAT3 was an indepen-

dent predictor of glioma prognosis [18].

We have analyzed the incidence of activated STAT3 in

129 patient glioma samples and reported an association of

STAT3 expression and pathological grade [19]. We did not

observe STAT3 expression in the normal brain tissue spe-

cimens or in the patients with WHO grade II astrocytomas.

In patients with WHO grade III anaplastic astrocytomas

(AAs) (n = 17), 9 (53 %) expressed p-STAT3, and in pa-

tients with WHO grade IV GBMs or gliosarcomas (n = 60),

32 (53 %) expressed p-STAT3. In our analysis, for patients

with GBMs and p-STAT3 expression, the median survival

time was 10.7 months, whereas it was 18.1 months for pa-

tients without p-STAT3 expression, but this was not statis-

tically significant. However, in patients with AAs expressing

p-STAT3, the median survival time was 12.2 months,

whereas it was 34.6 months for patients with AAs that

lacked p-STAT3 expression (p = 0.02). Interestingly, the

association between STAT3 expression and tumor grade did

not necessarily hold for the oligodendrogliomas.

Specifically, 38 % of the patients with WHO grade II

oligodendrogliomas had p-STAT3 expression, and 40 % of

the patients with WHO grade II anaplastic oligoden-

drogliomas, indicating the incidence of p-STAT3 expression

did not increase with increasing tumor grade in oligoden-

drogliomas [19].

STAT3 and immunosuppression (Fig. 1)

Evidence is accumulating establishing the role of STAT3 in

tumor immune evasion. Activated STAT3 induces the pro-

duction of tumor factors, including VEGF and IL-10, which

subsequently activate STAT3 in various immune cell sub-

sets [20]. Activation of STAT3 in these cell types reduces

their ability to produce immune stimulatory molecules and

conversely, increases the production of immunosuppressive

factors such as IL-10, IL-23, and transforming growth factor

(TGF-b) [21]. Overall, STAT3 overactivation impacts anti-

tumor immunity by compromising native immune responses

via multiple mechanisms [22].

Dendritic cell maturation

Dendritic cells (DCs) are differentiated monocytes that

function as antigen-presenting cells and are involved in the

initiation of T cell responses [3]. They are responsible for

activation of tumor-specific T cells through expression of

major histocompatibility complex (MHC) class II com-

plexes, costimulatory molecules such as CD80 and CD86

and IL-12, which are critical for T cell activation. A de-

creased presence of mature DCs impairs the immune
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system’s ability to induce and maintain an effective anti-

tumor immune response [1, 22].

To confirm the critical role of STAT3 in myeloid cell

differentiation, Nefedova et al. isolated hematopoietic

progenitor cells (HPCs) from the bone marrow of mice and

infected them with a retrovirus construct containing the

constitutively active mutant form of STAT3 (STAT3C).

STAT3C-transduced HPCs were impaired in their ability to

differentiate into DCs. Conversely, to inhibit STAT3 ac-

tivity, this group used STAT3D, which has mutations in its

binding domain rendering it incapable of binding DNA.

The authors found that blockade of STAT3 activity in

HPCs cultured in the presence of tumor-derived factors

restored their ability to differentiate into mature DCs [23].

Kortylewski et al. ablated STAT3 alleles in the he-

matopoietic compartment of tumor-bearing mice. DCs

isolated from STAT3-/-tumor-bearing mice showed en-

hanced ability to present antigens and to activate antigen-

specific CD4?T cells ex vivo. These authors also demon-

strated that tumor-infiltrating DCs of STAT3-/- mice

displayed increased expression of MHC class II, CD80, and

CD86 relative to DCs from STAT3?/? mice, thus indi-

cating effective antigen presentation and the ability to

generate a more robust immune response [20]. Cumula-

tively, these studies support that STAT3 activation is an

important contributor to impaired activation of tumor-in-

filtrating DCs, making them incapable of activating antigen

specific CD8?T cells, and blocking this branch of the

antitumor immune response.

Myeloid-derived suppressor cells (MDSCs)

MDSCs are immature cells of the myeloid lineage and are

one of the major suppressors of tumor immunity. MDSCs

undergo a significant numerical expansion in the presence

of malignancy, contributing to tumor immune escape [24].

In normal mice, 2–4 % of nucleated splenocytes are

MDSCs, but in murine models of malignancy this number

climbs to 20–40 % [24]. The accumulation of MDSCs is

associated with worse patient prognosis across a breadth of

malignancies [25, 26]. Diaz-Montero et al. reported that

levels of circulating MDSCs were significantly increased in

patients with solid malignancies of all stages of cancer

(multiple pathologies) compared with healthy volunteers.

Furthermore, they demonstrated a strong correlation be-

tween circulating MDSCs and cancer stage, such that

subjects with a significant metastatic tumor burden had the

highest numbers of MDSCs [25].

MDSCs suppress T-cell activation via arginase 1, iNOS

(which generates nitric oxide, NO) and hyperproduction of

reactive oxygen species (ROS) [24, 27, 28]. L-arginine is

critical for normal T-cell function, and arginase-1 de-

creases its levels. In turn, decreased L-arginine reduces

T-cell-receptor-chain expression resulting in T-cell dys-

function [28]. Increased ROS production (particularly

peroxynitrite) is a key characteristic of MDSCs generated

from the tumor microenvironment [24, 29] and induces the

post-translational modification of T-cell receptors resulting

in antigen-specific T-cell unresponsiveness [24, 29].
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MDSCs are a heterogeneous population that consists of

myeloid progenitor cells and immature myeloid cells

(IMCs). Kusmartsev et al. analyzed the function IMCs

isolated from control and tumor-bearing mice. IMCs har-

vested from tumor-bearing mice had significantly higher

levels of ROS than control (tumor-free) mice. Furthermore,

in contrast to control mice, IMCs isolated from tumor-

bearing mice inhibited antigen-specific responses of

CD8?T cells. Subsequent inhibition of ROS abolished the

inhibitory effect of IMCs on T cells [30]. In glioblastoma

patients, Raychaudhuri et al. examined the peripheral blood

mononuclear cells (PBMCs) compared with those in

healthy, age-matched controls and found a significant in-

crease in number of circulating MDSCs in patients with

GBM, and this was associated with high arginase activity.

Furthermore, they demonstrated in vitro that depletion of

MDSCs restored normal T-cell function [31].

STAT3 has been proposed to be the main regulator of

MDSC expansion [3]. Compared with control mice,

MDSCs isolated from tumor-bearing mice were shown to

have significantly increased levels of activated STAT3 [23,

32]. Nefedova et al. demonstrated that exposure of myeloid

cells to tumor-conditioned medium resulted in up regula-

tion of STAT3 and increased MDSC expansion. Myeloid

cell differentiation was subsequently restored after removal

of tumor-derived factors [23, 32]. Crozo et al. investigated

the mechanisms governing MDSC-mediated immune sup-

pression and reported that increased ROS production is

mediated by upregulated activity of NADPH oxidase

(NOX2). Moreover, the authors demonstrated that the ex-

pression of NOX2 in MDSCs was in fact controlled by

STAT3. Treatment with a selective STAT3 inhibitor sig-

nificantly decreased ROS production in MDSCs. In this

state, MDSCs could no longer effectively suppress T-cell

immunity [29]. Overall, these data indicate that MDSCs are

a major component of the immune suppression network

and that STAT3 is a crucial regulator.

Macrophages/microglia

Macrophages that infiltrate tumors are referred to as tumor-

associated macrophages (TAMs). They arise from circu-

lating monocytes and are thought to be recruited by the

tumor through a variety of signals such as monocyte

chemoattractant-protein (MCP-1) and CCL2 (chemokine,

C–C motif ligand). In general, macrophages can differen-

tiate into 2 phenotypes: M1 and M2. M1 is capable of

inducing an antitumor response via the release of inflam-

matory cytokines, antigen presentation, and phagocytosis

of tumor cells [33, 34]. However, after attraction to tumor,

macrophages may polarize into the M2 phenotype and

contribute to the tumor immunosuppressive environment.

M2 macrophages express and secrete tumor supportive

factors, which promote angiogenesis (e.g., VEGF, CCL-2),

cell proliferation (e.g., EGF), extracellular matrix remod-

eling (e.g., MMPs, plasmin), and immunosuppression (IL-

10, TGF-b) [35].

Elevated trafficking of M2 TAMs has been associated

with poor patient prognosis [35–37]. Komohara et al.

analyzed microglia/macrophage polarization in patients’

glioma samples and found that the ratio of M2 macro-

phages was associated with histological grade [38]. Ding

et al. examined 50 glioma samples and also reported a

significant correlation between WHO grade and M2 phe-

notype. Furthermore, progression-free survival and overall

survival were lower in patients with elevated M2 macro-

phage expression [37].

Growing data indicate that STAT3 may play a role in this

aspect of immunosuppression. Using a murine glioma

model, Zhang et al. examined STAT3 activity in mi-

croglia/macrophages and reported that tumor-associated

microglia/macrophages demonstrated higher STAT3 activity

[39]. Furthermore inhibition of STAT3 in tumor-associated

microglia/macrophages resulted in delayed tumor growth

and improved survival in glioma bearing mice [39]. After

screening multiple compounds Fujiwara et al., reported that

oleanolic acid (OA) inhibited macrophage polarization to

the M2 phenotype by suppressing STAT3 signaling in

macrophages and subsequently inhibited proliferation of

U373 human glioblastoma cells [40]. We have shown that

human glioblastoma cancer stem cells (gCSCs) induce M2

polarization, inhibit phagocytosis, induced the secretion of

the immunosuppressive cytokines IL-10 and TGF-b1 by the

microglia/macrophages, and enhanced their capacity to in-

hibit T-cell proliferation. This was a STAT3-mediated pro-

cess that could be reversed by inhibiting phosphorylated-

STAT3 [41]. These results indicate that STAT3 activation

may play a role in M2 macrophage polarization, directly

contributing to local immunosuppression.

T regulatory cells (Tregs)

T regulatory cells (Tregs) are a population of CD4?T cells

that express the transcription factor forkhead box P3

(FoxP3) and high levels of the IL-2-a receptor chain

(CD25), which develop in the thymus (natural Tregs) or

from mature CD4?T cells under specific conditions. Tregs

modulate the immune system to maintain tolerance to self

antigens and to prevent autoimmune reactions. In the

presence of tumors, Tregs can accumulate within the tumor

microenvironment, releasing immunosuppressive me-

diators (e.g., TGF-b and IL-10) and ultimately suppressing

immune responses mediated by CD8?T cells [3, 22].

These cells have been demonstrated in multiple tumor

models and tumor samples from patients including those

with glioma [42–44]. El Andaloussi and Lesniak found that
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Tregs were common within GBMs and that FoxP3 ex-

pression correlated with glioma WHO grade, with grade IV

having the highest frequency, followed by grade III and

grade II [44]. Heimberger et al. also reported a strong

positive correlation between FoxP3?Treg numbers and

pathological grade, with high grade lesions (gliosarcomas,

GBMs, and AAs) displaying the most Treg infiltration [45].

The increased trafficking of Tregs has been reported as a

marker of poor patient outcome. Curiel et al., examined

tumor specimens from patients with untreated ovarian

cancer and reported a significant accumulation of Tregs,

particularly at the later stages of disease. The frequency of

Tregs was a significant predictor of death after controlling

for stage, surgical debulking, and other factors known to

affect survival [46]. Other studies have reported a striking

association between Treg accumulation and cancer patient

survival, and this is thought to be due to the suppression of

native antitumor immunity [42, 43, 47]. Yue et al. exam-

ined the prognostic significance of Tregs in GBM samples

from 62 patients and found that FoxP3 density in tumor-

infiltrating lymphocytes was a predictor of patient pro-

gression-free survival [48]; however, this conflicts with

prior studies that did not identify this as a prognosticator

and also examined Treg to immune effector ratios [45].

The mechanisms and pathways of glioblastoma-mediated

immune suppression have been shown to be markedly

heterogeneous, including within tumor subtypes (classical,

proneural, mesenchymal, neural) [49], and this may par-

tially account for discrepancies in results, if the analysis

has enrichment for a particular subtype.

STAT3 has been shown to be an inducer of FoxP3 [50].

Ablation of STAT3 in the haematopoietic system of tumor-

bearing mice has been associated with a significant re-

duction the in number of tumor-infiltrating Tregs, prolif-

eration of CD8?T cells, and subsequent increased

antitumor responses [20]. Kinjyo et al. generated SOCS3

knockout mice [21]; SOCS3 is a known negative regulator

of STAT3 activity. They found that these mice had reduced

immune responses due to increased STAT3 signaling, and

they reported further that in vitro, SOCS3-deficient T cells

produced more TGF-b and IL-10, which are known im-

munosuppressive factors. Overall, these reports support the

role of STAT3 in Treg cell accumulation in the tumor

stroma, contributing to the suppression of antitumor

immunity.

Th17 cells

Th17 cells develop from naı̈ve CD4?T cells in the pres-

ence of TGF-b and IL-6 and are maintained by IL-21 and

IL-23. They are characterized by their ability to secrete

several cytokines, most importantly IL-17 [3, 51]. The role

of Th17 in malignancy is controversial, with some reports

showing that Th17 cells eradicate tumors while other report

promotion of tumor progression [51]. Although this matter

is not resolved, it is suggested that these cells adopt a pro-

or antitumor function depending on the type of stimulation

encountered. Th17 cells also exhibit plasticity and may

convert to Tregs, hence promoting immunosuppression

[51, 52]. Th17 cells can express CD39 and CD73 on their

cell surface, which cleave ATP into adenosine–a molecule

that causes cytotoxic T cell suppression [51, 53]. STAT3

has been shown to play a role in this process by specifically

binding to the promoter regions of CD39 and CD73 [51,

53].

Targeting STAT3

Immune suppression is a well-recognized feature of

glioblastomas, which have multiple operational mechan-

isms that include: (1) secretion of immunosuppressive

factors; (2) down regulation of costimulatory molecules;

(3) induction of T-cell apoptosis; (4) inhibition of natural

killer (NK) cells; (5) aberrant antigen recognition through

reduction of MHC molecules; and (6) recruitment of sup-

pressive immune cells, to name a few [54, 55]. Many of

these mechanisms are tied to STAT3 signaling and

therapeutically targeting a key hub with dual functions in

immune suppression and gliomagenesis is compelling.

There are multiple ways of targeting STAT3 including:

indirect signaling inhibition, RNA interference, and direct

targeting of the STAT3 protein itself.

Blockade of upstream signaling

One of the most investigated methods of inhibiting STAT3

is the use of tyrosine kinase inhibitors, which can block

STAT3 signaling by disrupting upstream tyrosine kinases

responsible for STAT3 phosphorylation, hence blocking

STAT3 activation [2, 9]. To this end, JAK/STAT3 in-

hibitors have demonstrated some success in a variety of

tumor models, including glioma. Fujita et al. tested the

JAK/STAT3 inhibitor, JSI-124 (cucurbitacin I), in a murine

GBM model (GL261), with the specific goal of evaluating

its impact on glioma-induced immunomodulation. By ex-

posing immune cells (splenocytes) to GL261-conditioned

medium, they found that soluble factors from glioma cells

induced the phosphorylation of STAT3, but this was in-

hibited by treatment with JSI-124. Additionally, JSI-124

enhanced DC maturation, as demonstrated by up regulation

and surface expression of MHC class II and costimulatory

molecules [56]. However, this agent has not been advanced

into clinical trials.

WP1066 is a caffeic acid analogue that blocks the nu-

clear translocation of p-STAT3 into the nucleus.

Therapeutic efficacy with WP1066 has been demonstrated
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in multiple tumor models [57–59]. For example, we have

shown that WP1066 has therapeutic efficacy against

metastatic [60] and established central nervous system

(CNS) melanoma in murine models [59]. The therapeutic

effects of WP1066 can be partially ablated in C57BL/6 J

mice with B16 melanoma by using in vivo depletions of the

CD4 and CD8 population or by implanting B16 or GL261

gliomas in nude (athymic) mice, indicating that part of the

therapeutic effect of WP1066 is immunologically mediated

[59]. WP1066 has also demonstrated therapeutic efficacy

against subcutaneously implanted U-87 cells [61] and in

two distinct Ntv-A transgenic murine models of glioma

[11, 62].

We have also demonstrated that STAT3 blockade with

WP1066 can significantly modulate tumor-mediated im-

mune suppression. WP1066 can induce the expression of

costimulatory molecules on peripheral macrophages and

tumor-infiltrating microglia ex vivo in tumor samples from

GBM patients. Treatment of the peripheral blood from

GBM patients who are immunologically anergic with

WP1066 resulted in marked production of proinflammatory

cytokines (e.g. IL-2, IL-4, IL-12, IL-15). STAT3 blockade

with WP1066 induced proliferation of effector T cells from

GBM patients, mechanistically, this was found to be sec-

ondary to the activation of ZAP-70 in the T cells and in-

hibition of Tregs [63]. Furthermore, we found that the

immunosuppressive properties of glioma cancer stem cells

(gCSCs) were markedly diminished following treatment

with WP1066 (or siRNA targeting STAT3) including Treg

induction, macrophage/microglia polarization to the im-

mune suppressive M2 phenotype and their secretion of

immunosuppressive cytokines (IL-10, TGF-b1). Com-

bined, these data indicate that WP1066 can reverse both

innate and adaptive tumor-mediated immune suppression

[41, 64].

Nucleic acid-based strategies

An alternative method of STAT3 inhibition is disruption of

STAT3 mRNA translation by coding RNA interference.

Several methods of RNA interference have been developed

including: dominant-negative mutants, decoy oligonu-

cleotides, and antisense approaches. Dominant negative

strategies entail mutating the STAT3 functional domain to

generate a gene product that disrupts STAT3 function. For

example, STAT3D has an amino acid substitution in the

DNA binding domain inhibiting STAT3 signaling [23, 65].

This method of STAT3 inhibition has been shown to hinder

tumorigenesis in a variety of tumor models but use is

limited preclinical studies involving gliomas [66].

STAT3 decoy oligonucleotides (ODNs) function via

competitive inhibition. The transfected decoy ODN inter-

acts with activated STAT3, occupying the DNA binding

domain and subsequently inhibiting STAT3 from binding

to its DNA-binding site [65, 67]. Gu et al. demonstrated

that STAT3 decoy OGN reduced STAT3 transcriptional

activity and subsequently reduced glioma cell proliferation

in 2 different glioma cell lines [67]. This technique may be

limited due to ODN degradation in the presence of nucle-

ases [7, 65]. Investigation of methods to increase stability

of these molecules is under way.

Antisense strategies have been successfully used to in-

hibit STAT3 in preclinical models. This approach is par-

ticularly advantageous owing to its specificity for targeting

gene expression. Small inferring RNAs (siRNAs) are a

class of double-stranded RNA molecules that can cause

RNA interference and suppression of gene expression.

Herrmann et al., used an aptamer (apt) based system to

deliver siRNA to tumor associated T-cells. The authors

fused STAT3 siRNA to an apt that binds cytotoxic

T-lymphocyte-associated antigen 4 (CTLA4). They found

that tumor- bearing mice treated with CTLA4apt–STAT3

siRNA had a reduction in tumor-associated Tregs. Fur-

thermore, mice with B16 melanoma experimental lung

metastases treated systemically with CTLA4apt–STAT3

siRNA, had significant reduction in lung metastases [68].

See et al. evaluated the role of STAT3 activation on the

immunological microenvironment of gliomas using siRNA

inhibition. Inhibition of STAT3 by siRNA significantly

reduced the level of DNA binding of pSTAT3, returned

expression of proinflammatory cytokines back to normal

levels (IL-6, IL-8) and enhanced the maturation of den-

dritic cells boosting antitumor activity in a T-cell-inde-

pendent manner. Thus, the authors showed that by

targeting STAT3, the antitumor immune response could be

restored [69].

MicroRNAs (miRs) can modulate critical gene tran-

scripts involved in tumorigenesis and can target signaling

networks. On the basis of miRNA gene expression arrays

of glioblastoma and molecular modeling, miR-124 was

identified as being able to modulate STAT3. miR-124 is

absent in all grades and pathological types of gliomas. We

have demonstrated that by upregulating miR-124 in

gCSCs, multiple components of the STAT3 pathway were

inhibited. miR-124 reversed gCSC-mediated immune

suppression of T-cell proliferation and induction of Tregs.

Treatment of T cells with miR-124 induced marked ef-

fector response, including up regulation of IL-2, IFN-c, and

tumor necrosis factor (TNF)-a. Both systemic administra-

tion of miR-124 and adoptive miR-124-transfected T-cell

transfers were able to exert potent anti-glioma therapeutic

effects in murine models of glioblastoma. These

therapeutic effects were ablated in both CD4? and CD8?

depleted mice and nude mouse systems, indicating that the

therapeutic effect of miR-124 depends on the presence of a

T-cell-mediated antitumor immune response [70].
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Targeting STAT3 protein

Finally, another possible therapeutic strategy is to target

STAT3 protein directly. STAT3 has 3 domains, and the

one most commonly targeted is the Src Homology-2 (SH2)

domain. After activation, STAT3 forms a dimer through its

SH2 domain, allowing for subsequent nuclear translocation

and gene expression. See et al. utilized two small molecule

inhibitors (NSC 74859 and Stattic) that block STAT3

dimerization by inhibiting the SH2 domain. The authors

reported that both of these compounds reduce pSTAT3

expression in glioma cells [69]. Fu et al. investigated ef-

fects of the inhibitor LLL-3 on the viability of human GBM

cells in a mouse xenograft model. They reported that LLL-

3 inhibited STAT3 DNA-binding activity in GBM cell

lines. Moreover, tumor-bearing mice treated with LLL-3

had decreased tumor size, decreased contralateral tumor

invasion, and significantly increased survival times [71].

Combination immunotherapy

STAT3 inhibitors have been shown to potentiate a wide

variety of immunotherapeutic modalities including adop-

tive transfer of cytotoxic T cells [56], dendritic cell acti-

vation [72, 73], cytokines [74] and Treg inhibitors [60].

Using a GL261 intracranial glioma model, Fujita et al.

demonstrated that STAT3 inhibition (with JSI-124) com-

bined with adoptive transfer of cytotoxic T-cells resulted in

prolonged survival in glioma-bearing mice compared to

JSI-124 or adoptive transfer therapy alone. Specifically, the

authors reported that treatment with STAT3 inhibitor im-

proved the tumor-homing capability and persistence of

transferred T-cells [56].

Multiple murine melanoma models have demonstrated

the utility of combination immunotherapy involving den-

dritic cell activation and STAT3 inhibition [72, 73]. For

example, Molavi et al. examined the synergistic anti-tumor

effect of JSI-124 and a known dendritic cell activator, CpG

oligodeoxynucleotide. These oligodeoxynucleotides have

an unmethylated CpG motif and stimulate dendritic cells

through their Toll-like receptors. The authors found that

intratumoral injection of CpG plus JSI-124 inhibited tumor

growth and improved survival in tumor-bearing mice

compared to treatment with monotherapy. Furthermore,

compared to the control group (PBS), monotherapy with

JSI-124 or CpG resulted in a 2-5-fold percentage increase in

intra-tumoral NK cells, CD8? and CD4? T-cells. On the

other hand, combination therapy (JSI-124 plus CpG) re-

sulted in a 125-fold, 75-fold and 50-fold percent increase in

tumor infiltrating CD4? T cells, NK cells, and CD8? T

cells respectively. Combination therapy also resulted in

enhanced dendritic cell activation, increased levels of

pro-inflammatory cytokines (i.e. IL-12, IL-2, TNF-a) and

reduced levels of immunosuppressive factors (i.e. TGF-b).

This landmark study was one of the earliest to provide

evidence of the utility of dendritic cell activation in com-

bination of STAT3 inhibition as an immunotherapeutic

approach [72].

STAT3 inhibition has also been combined with im-

munomodulatory cytokines and agents in order to produce

anti-tumor effects. Kong et al. used the STAT3 inhibitor

WP1193 in combination with IFN-a (known to have

multiple anti-tumor immune effects) to enhance therapeutic

efficacy in a mouse metastatic melanoma model. They

reported that mice with established intracranial melanoma

treated with IFN-a plus WP1193 had superior median

survival times compared to those treated with IFN-a or

WP1193 monotherapy [74]. Cyclophosphamide (CTX) is a

chemotherapeutic agent with known immunomodulatory

properties including decreasing Tregs. Using a murine in-

tracranial melanoma model, Hatiboglu et al. examined the

synergistic effect of CTX combined with STAT3 inhibitor

WP1066. Tumor bearing mice treated with combination

therapy were found to have significantly longer survival

times compared with monotherapy with WP1066 or CTX

[60].

Collectively, these data speak to the promising im-

munomodulatory and subsequent anti-tumor effects of

combination therapy involving STAT3 inhibition. Further

clinical testing of combination therapy is needed to fully

elucidate clinical applicability.

Summary

STAT3 is persistently activated in several different can-

cers and promotes pro-oncogenic mechanisms including

immune escape. STAT3 activation within immune cells

governs multiple immunosuppressive mechanisms in-

cluding macrophage polarization to the M2 phenotype,

inhibition of DC development, and accumulation of im-

munosuppressive cells such as Tregs, Th17 cells, and

MDSCs. In light of its multifaceted role in tumorigenesis,

the STAT3 signaling pathway has become a promising

therapeutic target. Refinement of the available targeting

strategies and their combination with other im-

munotherapeutics will be a powerful tool in anticancer

therapy.
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