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Abstract
Signal transducer and activator of transcription 3 (Stat3) has emerged as a critical regulator for
tumor-associated inflammation. Activation of Stat3 negatively regulates the Th1-type immune
response and promotes expansion of myeloid-derived suppressor cells (MDSCs) and regulatory T-
cell functions in the tumor microenvironment. Mounting evidence suggests that Stat3 and related
pathways may serve as a target for changing the tumor immunologic microenvironment to benefit
cancer immunotherapies. Many recent studies support the use of certain tyrosine kinase inhibitors,
through inhibition of Stat3, in decreasing immunosuppression in the tumor microenvironment.
Other potential therapeutic avenues include the use of targeted delivery of Stat3 siRNA into
immune cells. Here, we describe the role of Stat3 in regulating the immunologic properties of
tumors as a background for Stat3-based therapeutic interventions.

1 Introduction
The ability of tumors to evade immune surveillance plays a central role in tumor progression
(Dunn et al. 2002; Yu et al. 2007). Studies performed in our laboratory, supported by work
at other institutions, have suggested an important role of signal transducer and activator of
transcription 3 (Stat3), an important oncogenic transcriptional factor, in mediating tumor-
induced immune suppression at various levels (Yu et al. 2007, 2009). In the setting of
malignancy, Stat3 is activated by many cytokine signaling pathways, which is highlighted
by interleukin-6 (IL-6). As a point of convergence for numerous oncogenic signaling
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pathways, Stat3 is also persistently activated by abnormal signaling of various growth factor
receptors, including epidermal growth factor receptor (EGFR) and vascular growth factor
receptor (VEGFR), along with oncoproteins such as Src and BCR-ABL. Activated Stat3 not
only downregulates Th1 cytokines and other mediators critical for potent anti-tumor immune
responses, but also activates many genes involved in immune suppression. Many Stat3
driven tumor-derived factors, including IL-6, IL-10, and VEGF, ensure persistent Stat3
activation in the tumor microenvironment through a crosstalk between tumor cells and
tumor-associated immune cells, thereby creating “feed-forward loop” (Kortylewski et al.
2005; Wang et al. 2004; Yu et al. 2007, 2009). Activated Stat3 in tumor-associated immune
cells further promotes expression of growth factors and angiogenic factors (Kujawski et al.
2008). As such, Stat3 limits the antitumor effects from host immune system and accelerates
tumor growth and metastasis (Kortylewski et al. 2005; Wang et al. 2004; Yu et al. 2007,
2009).

Inhibiting Stat3 using various means induces robust anti-tumor innate and adaptive immune
responses in the tumor microenvironment (Kortylewski et al. 2005; Wang et al. 2004; Yu et
al. 2007, 2009). Considering the critical role of Stat3 in both tumor cells as well as in tumor-
associated immune cells in inducing immune suppression, a more detailed understanding of
the mechanism underlying Stat3-mediated immune suppression may lead to advances in
cancer therapy. In this review, we will summarize recent findings related to the role of Stat3
in tumor-induced immune suppression and discuss different therapeutic approaches
involving abrogation of Stat3 signaling and enhancement of immunotherapy.

2 Stat3-Mediated Immune Suppression
2.1 Inhibition of the Th1 Immune Response

The first study demonstrating Stat3 as a negative regulator of Th1-type immune responses
reported that ablation of Stat3 in neutrophils and macrophages increased production of Th1
cytokines, such as IFNγ, TNFα, and IL-1, after LPS stimulation (Takeda et al. 1999). A role
of Stat3 in inhibiting immunostimulatory Th1 cytokines and other mediators in tumors was
subsequently shown (Nabarro et al. 2005; Sumimoto et al. 2006; Wang et al. 2004). Because
of Stat3 is a critical oncogenic molecule, a direct link between oncogenesis and tumor
immune evasion was thus substantiated. Further studies revealed that Stat3 activation in
immune cells is in part mediated by tumor-derived factors, such as VEGF, IL-10, and IL-6
(Sumimoto et al. 2006; Wang et al. 2004). Conversely, Stat3 ablation in immune cells leads
to induction of Th1 mediators involved in both innate and T-cell-mediated adaptive
immunity. In turn, this causes increased anti-tumor activity of immune cells that impedes
tumor progression (Kortylewski et al. 2005) (Fig. 1).

Many of the Th1 mediators produced in tumors upon Stat3 ablation are typical targets of
other immune regulators, such as NF-κB and/or Stat1, whose role is pivotal in Th1-mediated
immune responses (Yu et al. 2009). Deletion of Stat3 facilitates activation of NF-κB (Welte
et al. 2003) and Stat1 (Takeda et al. 1999), leading to increased production of Th1 type
immune mediators required for anti-tumor immunity (Kortylewski et al. 2009c; Yu et al.
2009). Although various mechanisms have been suggested, how Stat3 antagonizes NF-κB
and Stat1 remains to be further defined. It has been implicated from several studies that
Stat3 negatively regulates IκB kinase β (IKKβ), which is required for phosphorylation of
IκBα and its subsequent degradation (Lee et al. 2009; Welte et al. 2003). This may render
NF-κB in a suppressed state, keeping it from activating downstream genes involved in Th1
type immune responses. However, a synergistic interaction between Stat3 and NF-κB is also
documented during tumor progression through autocrine/parcrine signaling of IL-6 and
IL-10 (Bollrath et al. 2009; Grivennikov et al. 2009; Lam et al. 2008; Lee et al. 2009).
Distinct from the interaction between Stat3 and NF-κB, Stat3 and Stat1 often oppose each
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other in cancer models – if Stat3 is highly activated, Stat1 is downregulated. In the setting of
melanoma, it has been noted that increased expression of activated Stat1 is an important
predictor of therapeutic responsiveness to interferon-α (IFNα) (Lesinski et al. 2007; Wang et
al. 2007; Zimmerer et al. 2007) and correlates with longer overall survival (Wang et al.
2007). These studies suggest that the balance between Stat1 and Stat3 may determine the
therapeutic outcome of cancer immunotherapy and targeting Stat3 may shift cellular balance
more favorable toward host. It has recently been noted that single nucleotide polymorphism
associated with Stat3 expression may be a significant predictor of IFNα response. In a study
of 174 patients with chronic myelogenous leukemia (CML), the single nucleotide
polymorphism (SNP) rs6503691 was tightly correlated with the level of STAT3 mRNA, and
could further reliably distinguish responders and non-responders to IFN-α (Kreil et al.
2010). In a separate assessment of 75 patients with metastatic renal cell carcinoma (mRCC)
treated with IFN-α, it was documented that the rs4796793 polymorphism in the 5′ region of
Stat3 was a significant predictor of clinical response (odds ratio [OR] = 2.73, 95% CI 1.38–
5.78) (Ito et al. 2007). The enhanced growth inhibitory effects of IFNα upon Stat3
suppression in renal cell carcinoma also supports the notion that Stat3 inhibition is a useful
tool to boost the efficacy of IFNα therapy in patients with renal cell carcinoma.

2.2 Relevant Immunologic Signaling Pathways
Tumors produce various factors that in turn activate Stat3 by forming feed-forward loops
with signaling pathways (Yu et al. 2007, 2009). Persistent Stat3 activation can be
propagated from tumor cells to diverse immune cells through factors such as IL-6, IL-10,
and VEGF (Kortylewski et al. 2005; Kujawski et al. 2008; Lee et al. 2009; Sumimoto et al.
2006; Wang et al. 2004; Yu et al. 2007, 2009). These factors impede appropriate immune
cell functioning in both innate and adaptive immunity. Specifically, release of IL-10, VEGF,
and IL-6 prevents immature dendritic cells (DCs) from maturing into antigen-presenting
cells (Gabrilovich 2004; Gabrilovich et al. 1996; Ohm et al. 2003; Park et al. 2004).
Expression levels of MHC class II, co-stimulatory molecule CD86 and IL-12, all of which
are required for proper DC-mediated immune function, are decreased by IL-10-induced
Stat3 activation, leading to the generation of tolerogenic DCs (Li et al. 2006; Liang et al.
2008). Moreover, the constitutive activation of Stat3 by IL-10, VEGF, and IL-6 impedes
functional maturation of tumor-associated DCs (Bharadwaj et al. 2007; Gabrilovich 2004;
Nabarro et al. 2005; Yang et al. 2009), leading to increased tumor growth and metastasis
(Kortylewski et al. 2005; Wang et al. 2004). Demonstrating cross-talk amongst these
pathways, IL-6 is shown to upregulate production of IL-10 in both colon cancer cell lines
and T cells through Stat3 activation (Herbeuval et al. 2004; Stumhofer et al. 2007).

Interplays between tumor cells and immune cells are mainly regulated by cytokines, which
can stimulate either tumorigenic or anti-tumorigenic effects. For example, IL-23 was first
identified as a proinflammatory cytokine, sharing a common p40 subunit with IL-12
(Oppmann et al. 2000). IL-12 has a critical role in regulating Th1 cells that are essential for
tumor suppression. Unlike IL-12, IL-23 does not promote IFN-γ-producing Th1 cells, but is
one of the essential factors required for the expansion of a pathogenic memory T cell
population, which is characterized by the production of IL-17, IL-6, and tumor necrosis
factor (TNF) (Langrish et al. 2005). The production of IL-17 and IL-6 is mediated through
Stat3 (Chen et al. 2006; Cho et al. 2006). In addition, IL-23 receptor is shown to be engaged
with the Jak2/Stat3 pathway (Parham et al. 2002) and is required for the terminal
differentiation of Th17 cell into effector cells in a Stat3-dependent fashion (McGeachy et al.
2009). Impaired Th17 function causes immune deficiencies such as hyper-IgE syndrome
(HIES), which harbors dominant-negative Stat3 mutation (Ma et al. 2008; Milner et al.
2008; Minegishi 2009; Minegishi et al. 2007).
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In contrast to its role in promoting inflammatory responses, IL-23 has been implicated in
tumor-mediated immunosuppression (Kortylewski et al. 2009c; Langowski et al. 2006).
While suppressing NF-κB activation is required for IL-12 mediated anti-tumor immune
responses, Stat3 markedly upregulates transcriptional activity of IL-23p19 subunit in tumor-
associated macrophages (Kortylewski et al. 2009c), thereby promoting IL-23 mediated pro-
tumorigenic immune responses. Given that Stat3 inhibits IL-12 expression (Hoentjen et al.
2005; Wang et al. 2004) and that enhanced IL-12 production upon IL-23 blockade
intensifies Th1 type immune responses (Uemura et al. 2009), targeting Stat3 may be a
relevant approach to shift IL-12/IL-23 balance towards Th1-mediated anti-tumor immune
responses. It is noteworthy that IL-17 expression is concomitantly increased in tumors
driven by IL-23 (Langrish et al. 2005). IL-17 also enhances tumor angiogenesis and growth
(Numasaki et al. 2003) through Stat3 activation in various tumors (Charles et al. 2009; He et
al. 2010; Wang et al. 2009). Since both cytokines share regulatory network through Stat3
(Kortylewski et al. 2009c; Wang et al. 2009; Yu et al. 2009), it is possible that IL-23-
mediated Th17 response to tumors promote tumor progression. This notion is supported by
in vivo studies assessing the link between enterotoxigenic Bacteroides fragilies (ETBF), a
common gastrointestinal pathogen linked to colon carcinogenesis. These studies suggested
that Stat3 is required for ETBF-mediated IL-17 production. Dual blockade of the receptors
for IL-17 and IL-23 resulted in decreased formation of colonic tumors (Wu et al. 2009).
Nevertheless, IL-17 may also play an antitumor role (Kryczek et al. 2009), and further
studies are required to clarify why IL-17 can both promote and inhibit tumor development.

2.3 Role in Myeloid Derived Suppressor Cells
Tumor myeloid-derived suppressor cells (MDSCs) inhibit CD4+ and CD8+ T cell activation
as well as innate immune responses (Gabrilovich and Nagaraj 2009; Sinha et al. 2007). In
addition to its role in regulating immunosuppressive cytokines, Stat3 also promotes
expansion of MDSCs (Yu et al. 2007, 2009). Several factors regulate tumor MDSC
accumulation. These include IL-1β, IL-6 (Bunt et al. 2007), VEGF (Melani et al. 2003),
COX2 (Xiang et al. 2009) and GM-CSF (Serafini et al. 2004), all of which trigger signaling
pathways activating Stat3 (Yu et al. 2007, 2009). Exposure of myeloid cells to tumor cell
conditioned medium upregulates Stat3 activity and triggers MDSC expansion (Nefedova et
al. 2004). Moreover, Stat3 is persistently elevated in MDSCs from tumor-bearing mice
(Nefedova et al. 2005), indicating that Stat3 activation in MDSCs may result from tumor-
derived factors. Conversely, ablation of the Stat3 gene using conditional knockout mice or
Stat3 blockade by tyrosine kinase inhibitor significantly reduces the number of tumor-
associated MDSCs and consequently elicits robust anti-tumor immune responses
(Kortylewski et al. 2005; Xin et al. 2009).

A recent study suggests an integral role of S100A9 in MDSC accumulation in tumors
(Cheng et al. 2008). MDSC accumulation appears to result from impaired DC
differentiation, caused by overexpressed S100A9 protein. Stat3 serves as transcriptional
activator of S100A9, inducing its expression by directly binding to its promoter region
(Cheng et al. 2008). S100A9 expression is reduced in myeloid cells isolated from mice with
Stat3 deletion in hematopoietic cells compared to wild-type counterpart, further confirming
the critical role of Stat3 in regulating S100A9 expression. Mice lacking Stat3-inducible
S100A9 mount potent anti-tumor immune responses, leading to the rejection of implanted
tumors. A separate series of experiments suggests that mice with a dominant-negative Stat3
mutation have markedly reduced S100A9 expression (Li et al. 2004).

One of the main characteristics of tumor MDSCs is high production of reactive oxygen
species (ROS), which is essential for the suppressive function of cells (Gabrilovich and
Nagaraj 2009). The increased ROS production by MDSCs is mediated by up-regulated
activity of NADPH oxidase (NOX2). Owing to the fact that S100A9 upregulates ROS
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production by NADPH oxidase (Cheng et al. 2008), it is plausible to speculate that Stat3
may involve the suppressive function of MDSCs. Indeed, MDSCs from tumor-bearing mice
had significantly higher expression of NOX2 subunits, primarily p47(phox) and gp91
(phox), as compared to immature myeloid cells from tumor-free mice. Furthermore, Stat3
directly controls transcriptional activity of p47(phox) subunit of NOX2 (Corzo et al. 2009).
Treatment of MDSCs with a Stat3 inhibitor dramatically reduces the level of ROS in these
cells accompanied by reduction in NOX2 expression (Corzo et al. 2009). In the absence of
NOX2 activity, MDSCs lost the ability to suppress T cell responses and quickly
differentiated into mature DCs (Corzo et al. 2009). Therefore, Stat3 plays a diverse role in
MDSC-mediated immune suppression. Constitutive activation of Stat3 results in expansion
of MDSCs that contain a high level of NOX2 components. This drives MDSCs in tumor-
bearing mice to release ROS, leading to immunosuppressive activity of these cells.

2.4 Role in Regulatory T-Cells
Regulatory T-cells (Tregs) are critical in the induction of T-cell tolerance to tumor antigens
by suppressing immune responses mediated by CD8+ T cells (Curiel et al. 2004; Liyanage et
al. 2002; Viguier et al. 2004; Yang et al. 2006). Tregs release several immunosuppressive
mediators including TGF-β and IL-10, both of which are activated and upregulated by Stat3
in tumors (Dercamp et al. 2005; Yu et al. 2007). Tumors with Stat3 ablation in
hematopoietic cells markedly decrease the number of infiltrating CD4+CD25+Foxp3+ Tregs
when compared to tumors with intact Stat3 activity (Kortylewski et al. 2005). This is further
associated with a proliferation of CD8+ T cells, leading to potent anti-tumor immune
responses (Kortylewski et al. 2005). Moreover, recent findings demonstrate that tumor-
associated Tregs maintain constitutive Stat3 activity through IL-23 receptor expression
(Kortylewski et al. 2009c). The contribution of constitutive Stat3 activation may be
enhanced in Tregs by tumor-derived factors such as IL-23. How constitutive Stat3 activity in
tumors contribute to Treg expansion is further illustrated in several studies. Constitutive
activation of tumor Stat3 by oncogenes, such as nucleophosmin/anaplastic lymphoma kinase
(NPM/ALK), promotes Treg expansion and expression of the Treg specific transcription
factor Foxp3 as well (Kasprzycka et al. 2006). Stat3 binds to the promoter of Foxp3,
although to a lesser extent compared to Stat5 (Yao et al. 2007; Zorn et al. 2006), and
physically interacts with Foxp3 protein (Chaudhry et al. 2009). Conversely, inhibition of
Stat3 using either siRNA or upstream tyrosine kinase inhibitor abrogates Foxp3 expression
and suppressive function of Tregs. Thus, Stat3 is important for the functional maintenance
of Tregs (Kong et al. 2009; Larmonier et al. 2008; Pallandre et al. 2007). Of interest, co-
culturing MDSCs with T cells induces the Foxp3+ Treg phenotype in both mouse and
human tumor models, leading to tumor-induced T cell tolerance (Hoechst et al. 2008;
Serafini et al. 2008).

3 Therapeutic Relevance
As a point of convergence for numerous oncogenic signaling pathways, Stat3 is
continuously activated in various human cancers. Numerous genetic studies validate Stat3 as
one of the most promising target for cancer immunotherapy. Moreover, new approaches
directly targeting Stat3, either alone or in conjunction with other therapeutic modalities,
elicit robust anti-tumor immune responses that are highly efficacious in the treatment of
cancer (Table 1).

3.1 Genetic Evidence and Potential Toxicity
Mouse studies using knockout mice demonstrate that ablation of Stat3 in either tumor cells
or tumor-associated immune cells prevent tumor progression (Bollrath et al. 2009; Chiarle et
al. 2005; Kortylewski et al. 2005). Potent anti-tumor immune responses can also be achieved
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from reconstitution of mice with Stat3-deficient immune cells (Kortylewski et al. 2005).
Although long-term ablation of Stat3 in hematopoietic cells can lead to severe inflammatory
disease (Welte et al. 2003), there appears to be a therapeutic window for inducing antitumor
immune responses (Kortylewski et al. 2009a,b,c). Recent genetic studies in patients afflicted
by HIES reveal that dominant-negative mutations in STAT3 are strongly associated with the
disease (Minegishi et al. 2007). All mutations are located in the Stat3 DNA-binding domain
and as a result, signaling responses to cytokines, including IL-6 and IL-23, are defective
(Milner et al. 2008; Minegishi 2009; Minegishi et al. 2007). These studies in individuals
with HIES suggest that short term STAT3 blockade may not lead to severe side effects and
that STAT3 may be exploited as a molecular target for therapeutic development.

3.2 JAK Inhibitors
Aberrant Stat3 activity in cancer, to a large degree, is the result of overactivation of
upstream tyrosine kinases. Owing to the fact that Jak tyrosine kinase is an important
activator of Stat3 both in tumor and immune cells in the tumor microenvironment, much
effort has been devoted to studying Jak kinase inhibitors in various tumor models. The
prototype Jak inhibitor, AG490, prevents Stat3 phosphorylation and activation of its
downstream pro-survival genes (Rahaman et al. 2002). The opportunity to use AG490 was
shown to enhance immunotherapy by several studies. For examples, in vivo administration
of AG490 in conjunction to IL-12 results in better anti-tumor effects than either one alone
(Burdelya et al. 2002). A structurally related compound, WP1066, also disrupts Jak/Stat3
activation and reduces the malignant tumor growth (Ferrajoli et al. 2007; Iwamaru et al.
2007). WP1066 has the capacity to penetrate blood–brain barrier and has demonstrated
activity in preclinical glioma models (Hussain et al. 2007). Consistent with the role of Stat3
in inducing and maintaining tumor-associated Tregs is the observation that tumors treated
with WP1066 show a marked reduction in number of Tregs. This, in turn, results in reversal
of immune tolerance elicited by Tregs (Kong et al. 2009). Tumor growth in mice with
subcutaneously established syngeneic melanoma was markedly inhibited by WP1066 (Kong
et al. 2008).

Another Jak2/Stat3 inhibitor shown to induce anti-tumor immune responses is JSI-124, a
member of curcubitacin compounds (Blaskovich et al. 2003). Treatment of tumors with
JSI-124 limits the number of tumor-infiltrating MDSCs, inhibits DC differentiation, and
thereby inhibits tumor growth (Fujita et al. 2008; Nefedova et al. 2005). Improved anti-
tumor immune responses achieved by JSI-124 are associated with prolonged survival in
murine glioma models. Tumor response appears to be dependent upon host immunity (Fujita
et al. 2008). Importantly, combined use of JSI-124 with DC vaccines for the treatment of
mouse sarcoma induces IFNγ production by CD8+ T cells and synergistic eradication of
tumors (Nefedova et al. 2005).

As with the previously noted compounds, the novel JAK2 inhibitor AZD1480 also caused
growth arrest in solid tumor cell lines with cytokine-induced Stat3 activation (Hedvat et al.
2009). In these studies, JAK2 inhibition resulted in decreased nuclear translocation of Stat3
and proliferation. Studies are underway to evaluate this compound in modulating the tumor
immunologic environment. The agent is currently undergoing clinical evaluation in the
setting of myelofibrosis (NCT00910728), and further studies in solid tumors are highly
anticipated. Collectively, these studies indicate that targeting of Stat3 using Jak2 inhibitors
have the potential to revert tumor mediated-immune suppression and generate anti-tumor
immune responses.
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3.3 Other Oncogenic Kinase Inhibitors
Numerous oncoproteins (including NPM/ALK, Src and BCR-ABL) possess intrinsic kinase
activity and may regulate Stat3 activity. For example, chromosomal translocations that
juxtapose NPM and ALK lead to ALK overexpression and concomitant Stat3 activation in
anaplastic large cell lymphoma (ALCL) (Chiarle et al. 2005). Persistent Stat3 activation by
NPM/ALK facilitates induction of Treg-like phenotypes in ALCLs by promoting secretion
of IL-10 and TGF-β as well as expression of Foxp3 (Kasprzycka et al. 2006). Moreover,
Stat3 activation by NPM/ALK negatively modulates immune responses by activating gene
transcription of immunosuppressive cell surface protein CD274 (B7-H1) in T cell
lymphoma, where Stat3 directly binds to the promoter region of CD274 (Marzec et al.
2008). Given that antibody-mediated blockade of CD274 in conjunction with T cell
depletion therapy leads to complete tumor regression (Webster et al. 2007), targeting NPM/
ALK-mediated STAT3 activity may offer therapeutic advantages for the treatment of T cell
lymphoma. Two small molecular inhibitors, WHI-131 and 154, effectively inhibit Stat3
phosphorylation by blocking enzymatic activity of NPM/ALK (Marzec et al. 2005). More
detailed investigation is required to identify whether desirable anti-tumor immune responses
are elicited by these compounds.

Targeting BCR-ABL also reverses Stat3-mediated immune suppression in tumors. The most
widely studied BCR-ABL kinase inhibitors, imatinib mesylate is applied as standard therapy
for the treatment of Philadelphia chromosome-positive CML and gastrointestinal stromal
tumor (GIST), where it has demonstrated significant clinical activity (Blanke et al. 2008;
Druker et al. 2001). Intriguing findings related to the immune responses associated with
imatinib treatment have been reported. However, treatment with imatinib induces both
suppressive as well as stimulating effects on CD4+ and CD8+ T cells or DCs, suggesting the
exact nature of imatinib effect on immune cells remains to be further explored. Nonetheless,
used at clinically achievable concentrations, imatinib reduces suppressive activity of Tregs
as well as Foxp3 expression in Tregs through inhibition of Stat3 (Larmonier et al. 2008).
Also, the quantity of tumor-infiltrating Tregs is diminished with imatinib therapy
(Larmonier et al. 2008). Similar to Jak inhibitors, treatment of tumor with imatinib
significantly enhances the efficacy of DC vaccine against lymphoma, lessening tumor
metastasis in conjunction with effective IFNγ production by splenocytes (Larmonier et al.
2008). All of these studies indicate that there is a significant opportunity to advance
immunotherapy using imatinib. Although imatinib does have substantial activity in CML, a
proportion of patients do become resistance to this agent. Presumably, the bone marrow
(which harbors multiple soluble factors that activate Stat3) is an ideal environment for the
development of resistance CML clones (Bewry et al. 2008). While Stat3 activity may be
downregulated to some extent by imatinib-mediated Abl inhibition, other kinases, such as
Jak kinase, may continue to drive Stat3 activation (Sen et al. 2009). Using direct Stat3
inhibitors in conjunction with imatinib may prevent Stat3 reactivation by pleiotropic Stat3
activators present in the tumor microenvironment.

3.4 RTK Inhibitors
In addition to cytokines and oncoproteins, Stat3 is constitutively activated in cancers by
many growth factors including EGF, PDGF, and VEGF. Receptors for these growth factors
are transmembrane receptor tyrosine kinases (RTKs), which trigger downstream signaling
through a number of distinct cascades. Targeting RTKs can be a clinically effective strategy
across a wide variety of malignancies, including lung cancer, hepatocellular carcinoma
(HCC) and mRCC (Llovet et al. 2008; Motzer et al. 2009; Shepherd et al. 2005). However, a
multitude of escape mechanisms exist to circumvent RTK inhibitors. Given that Stat3
represents a point of convergence for numerous growth factor signaling pathways in tumors,
targeting Stat3 activation may be a useful strategy.
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Sunitinib is a multi-targeted growth factor inhibitor that is widely used in the treatment of
mRCC (Motzer et al. 2009). The inhibitory effect of sunitinib on a variety of kinases impairs
Stat3 activation in tumors, thereby inducing tumor cell apoptosis (Xin et al. 2009; Yang et
al. 2010). Treatment with sunitinib intensifies the anti-tumor immune response by limiting
the number of tumor-associated MDSCs and Tregs in mouse tumor models (Xin et al. 2009).
mRCC patients show elevated levels of CD33+HLA-DR− and CD15+CD14− MDSCs in
peripheral blood (Ko et al. 2009). While treatment with sunitinib results in inhibition of Treg
mediators such as IL-10, TGF-β, and Foxp3, it also elevates Th1 cytokine and IFNγ in
murine models (Ozao-Choy et al. 2009). Moreover, treatment of tumors with sunitinib
increases efficacy of IL-12 based immune activation therapy (Ozao-Choy et al. 2009).
Therefore, sunitinib-based therapy has great potential to modulate anti-tumor immunity as
an adjunct for the treatment of certain human cancers including RCC.

It is important to note that the effects of sunitinib may not extend across this class of agents.
As one example, the small molecule RTK inhibitor sorafenib is also widely used in the
treatment of mRCC (Escudier et al. 2007). In contrast to sunitinib, recent studies suggest
that sorafenib inhibits the function of DCs and decreases induction of antigen-specific T-
cells (Hipp et al. 2008). Thus, the immunologic phenomena triggered by RTK inhibitors
should be separately considered in tailoring clinical strategies.

3.5 siRNA
Combined use of kinase-targeted Stat3 inhibitors with other immunotherapeutic approaches
such as tumor vaccines may augment efficacy of cancer immunotherapy. For example,
combination of DC-based vaccine together with RTK inhibitors leads to a greater
therapeutic efficacy in preclinical models, suggesting various levels of Stat3 inhibition
facilitate immune cell mediated anti-tumor effect (Larmonier et al. 2008; Nefedova et al.
2005). Alternatively, these inhibitors can synergize with different immune modulators that
elicit innate immunity, such as the Toll-like receptor agonist CpG. Given that Stat3
downregulates CpG-mediated innate immune responses, ablation of Stat3 has been shown to
enhance and prolong a potent anti-tumor immune responses elicited by CpG in a murine
melanoma xenograft model (Kortylewski et al. 2009a). Furthermore, conjugation of CpG to
siRNA targeting Stat3 activates various populations of immune cells including DCs and
macrophages and ultimately induces robust anti-tumor immune responses (Kortylewski et al.
2009b). Therefore, CpG-coupled siRNA can maximize therapeutic efficacy by inducing
anti-tumor responses through CpG while knocking down Stat3.

As previously noted, a major hurdle in the clinical use of RTK inhibitors is the development
of resistance mechanisms. This concept is supported by a recent study demonstrating that
long-term sunitinib treatment increases tumor cell invasiveness and metastasis (Paez-Ribes
et al. 2009). Accelerated tumor progression upon prolonged sunitinib treatment is in part
mediated by intense hypoxia during metastatic processes (Paez-Ribes et al. 2009). The role
of Stat3 in regulating the expression of hypoxia-inducible factor-1α (HIF-1α), which is a
critical regulator of hypoxic response in tumors, has been previously shown (Niu et al.
2008). Directly targeting Stat3 using gene-specific approaches, such as CpG-Stat3 siRNA,
may thus overcome undesirable effects of sunitinib by reducing tumor hypoxia. Using CpG-
Stat3 siRNA and sunitinib in combination therefore may have clinical merit.

4 Concluding Remarks
Stat3 is persistently activated in diverse cancers, promoting tumor cell survival,
proliferation, angiogenesis/metastasis, and immune escape. Targeting Stat3 has the potential
to not only directly inhibit tumor growth but also alter the tumor immunologic environment
in favor of immunotherapy. Stat3 therefore represents a promising target for cancer therapy.
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With the emergence of Stat3 inhibitors, both indirect and direct, we are entering a new era of
cancer immunotherapy.
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Fig. 1.
Multifaceted role of Stat3 in anti-tumor immunity. Stat3 is persistently activated in tumors
and the tumor microenvironment, inducing production of many tumor-derived factors such
as VEGF, IL-10, and IL-6. Increased Stat3 activity in tumor-associated immune cells
promotes immunosuppressive environment, by mediating the generation of immune
suppressor cells, including MDSC and T regs. The expression of MDSC and Treg effector
molecules, such as TGF-β, IL-10, and IL-23, is in part mediated by Stat3. Activated Stat3 in
tumor-associated immune cells also inhibits DC maturation as well as the production of
Th1-type cytokines such as IL-12 and IFN-γ. As such, Stat3 activity in tumor impairs both
adaptive and innate immune responses against tumor
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Table 1

Therapeutic strategies under investigation with the intent of abrogating Stat3-mediated signaling

Approaches Mechanism References

Stat3 ablation Preclinical in vivo studies suggest that ablation of Stat3 in tumor cells or
tumor-associated immune cells decreases tumor progression

Kortylewski et al. (2005), Wang et al. (2004),
Yu and Jove (2004), and Yu et al. (2007,
2009)

JAK inhibitors Use of these agents (i.e., AG490, WP1066, AZD1480) decreases Stat3
activation and augments the tumor-associated immune response in
preclinical models of both hematologic and solid tumors

Burdelya et al. (2002), Fujita et al. (2008),
Hussain et al. (2007), Kong et al. (2008),
Kong et al. (2009), and Nefedova et al.
(2005)

Other tyrosine
kinase inhibitors

Inhibitors of fusion proteins (i.e., products of NPM/ALK or BCR-ABL)
Both directly and indirectly inhibit activation of Stat3 Agents such as
sunitinib decrease recruitment of Tregs and MDSC to sites of tumor in a
Stat3-dependent fashion

Kasprzycka et al. (2006), Larmonier et al.
(2008), Ozao-Choy et al. (2009), and Xin et
al. (2009)

CpG-siRNA Stat3 siRNA linked to the Toll-like receptor agonist 9 (TLR9), CpG,
both silences genes in TLR9(+) myeloid cells and decreases the Stat3-
mediated immune response; in preclinical models, a marked antitumor
effect is observed

Kortylewski et al. (2009a, b)
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