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T helper 17 (Th17) cells play critical roles in the pathogenesis of inflammatory and autoimmune
diseases, as well as in host protection against pathogens. The contribution of Th17 cells to human
tumor immunity, however, remains largely unknown. Since their identification in 2005, Th17 cells have
been extensively studied in mouse tumor models and human cancer patients. Although accumulating
data suggest the importance of Th17 cells to tumor immunity, conclusions regarding the functional role
of Th17 cells remain controversial. In this review, we summarize current knowledge regarding the
regulation and functional role of Th17 cells in human cancers. In particular, we emphasize several
recently identified characteristics of Th17 cells, including plasticity, their relationship with regulatory T
cells, and Th17 cell heterogeneity in the tumor microenvironment. Improved understanding of these
issues is critical to elucidating the role of Th17 cells in antitumor immunity and for the design of novel
therapeutic approaches specifically targeting Th17 cells. (Am J Pathol 2013, 182: 10e20; http://
dx.doi.org/10.1016/j.ajpath.2012.08.041)
Supported in part by American Cancer Society grant RSG-10-160-01-
LIB (G.P.), the Melanoma Research Alliance (G.P.), and NIH grants
AI097852 and AI094478 (G.P.).
The identification in 2005 of T helper 17 (Th17) cells as
a third subset of T helper cells changed the classical Th1/
Th2 paradigm of T helper cell differentiation.1,2 Compared
with other T-cell lineages, Th17 cells are characterized by
their production of IL-17, expression of unique transcrip-
tion factors, and the performance of specific biological
functions.3,4 Th17 cell differentiation and regulation have
been extensively studied during the past 6 years. Differ-
entiation of mouse Th17 cells is dependent on the specific
cytokine combination of TGF-b and IL-6.5e7 Furthermore,
IL-6 induces IL-21 production, which synergizes with
TGF-b and IL-23 to promote the differentiation of Th17
cells in mice.8,9 IL-1 is required and important for the
early differentiation of murine Th17 cells.10 IL-1 is
a critical inducer for human Th17 cell differentiation,
and the combination of IL-1, IL-6, and IL-23 is the
stigative Pathology.
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optimal cytokine milieu for human Th17 generation.11

Molecular programming of transcription regulation is
a determinant for Th17 development, in addition to cyto-
kine regulation. At least six transcription factors are critical
and required for Th17 cell development: signal transducer
and activator of transcription 3 (Stat3), retinoid-related
orphan receptor gt (ROR-gt), nuclear receptor ROR-a,
IFN regulatory factor 4 (IRF-4), B-cell-activating tran-
scription factor (B-ATF), and hypoxia-inducible factor 1 a
(HIF1-a).12e15

Th17 cells are important in host defense against microbial
infections, including bacteria, mycobacteria, viruses, and
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Role of Tumor-Infiltrating Th17 Cells
parasites.16,17 They also appear to be key mediators in the
pathogenesis of a broad array of inflammatory and autoim-
mune diseases, including rheumatoid arthritis, psoriasis, and
inflammatory bowel disease.17 Despite significant efforts by
many research groups in this important area, the functional
role of Th17 cells in tumor immunity remains unclear. Here,
we review recently published articles that characterize Th17
cells in different types of human cancer. Specifically, we
focus on themechanisms for Th17 cell accumulation in tumor
microenvironments, phenotypic features, regulation, and
plasticity of tumor-infiltrating Th17 cells.We also discuss the
potential role of Th17 cells in tumor immunity.
Prevalence of Th17 Cells in Tumor
Microenvironments

Accumulating evidence suggests a close association of
chronic infection and inflammation with tumorigenesis.
Local inflammation in the tumor microenvironment recruits
several different types of immune cells, including ab T
cells, gd T cells, and natural killer (NK) T cells, all of
which can play critical roles in tumor immunity.18,19 Given
that Th17 cells have been identified as important players in
the immunopathogenesis of inflammation, the presence of
Th17 cells in a tumor microenvironment is expected. In
fact, recent studies from our group and others have
demonstrated that the development of Th17 cells in tumor-
infiltrating lymphocytes is a general feature of cancers.
Th17 cells have been found in many different types of
human tumors, including lymphoma,20 myeloma,21,22

breast cancer,23,24 colon cancer,24e26 gastric cancer,27,28

hepatocellular cancer,25,29 melanoma,24,25,30 ovarian
cancer,25,31e34 pancreatic cancer,25 and prostate cancer.35,36
Phenotypic Features of Tumor-Infiltrating Th17
Cells

Cytokines

In addition to IL-17, tumor-infiltrating Th17 cells also
secrete other cytokines. Our group recently generated
human Th17 clones from bulk tumor-infiltrating lympho-
cyte lines derived from melanoma, breast, and colon
cancers. These tumor-derived Th17 clones secreted large
amounts of IL-8 and TNF-a, small amounts of IL-6, but no
IL-2, IL-4, IL-12, or IL-23,24 consistent with previous
reports characterizing Th17 cells from other tissue sites.11,37

In addition, these tumor-infiltrating Th17 cells also
secreted moderate amounts of IL-10 and TGF-b1,24 sug-
gesting that Th17 cells may perform regulatory functions
in tumor microenvironments.38,39 However, studies from
another group have shown that human ovarian cancer-
derived Th17 cells express high levels of IL-2, GM-
CSF, and IFN-g, but negligible levels of IL-10.25 These
varied cytokine profiles of tumor-infiltrating Th17 cells
The American Journal of Pathology - ajp.amjpathol.org
further suggest the heterogeneity (IL-17þIFN-gþ and IL-
17þIL-10þ) and polyfunction (effector or regulatory) of
Th17 cells in tumor microenvironments.40,41 The differ-
ences may also reflect the fact that the various Th17 cells
were obtained from patients with different types and/or
different stages of cancer.
Chemokine Receptors

Th17 cells mediate inflammatory responses through selective
migration and accumulative retention at specific sites. Recent
studies have shown that the inflammatory microenvironment
promotes production of CCL20, which preferentially recruits
CC-chemokine receptor type 6 (CCR6)-expressing Th17
cells in human rheumatoid arthritis, psoriasis, and other
chronic inflammatory diseases.42,43 In addition to universal
expression of CCR6, Th17 cells can express Th1-associated
(CCR2, CXCR3, CCR5, and CXCR6), Th2-associated
(CCR4), and nonlymphoid tissue trafficking receptors
(CCR4, CCR5, CCR6, CXCR3, and CXCR6), as well as
homeostatic chemokine receptors (CD62L, CCR6, CCR7,
CXCR4, and CXCR5) that are implicated in T-cell migration
to and within lymphoid tissues.42 Our group analyzed che-
mokine receptor expression on tumor-infiltrating Th17 cells
derived from melanoma, breast, and colon cancers. All of the
Th17 clones expressed CCR2, CCR4, CCR5, CCR6, CCR7,
and CXCR3, similar to the expression pattern in other types
of T cells.24 These data suggest that tumor-infiltrating Th17
cells express homeostatic chemokine receptors as well as
trafficking receptors, and also share major chemokine
receptors with other T-cell lineages. Others, however, have
reported that tumor-infiltrating Th17 cells express high levels
of CXCR4 and CCR6, but not CCR2, CCR5, or CCR7.25 The
difference between these studies may be due to different
origins of Th17 cells from patients with different types of
cancers.
Other Markers

Studies from our group demonstrated that tumor-derived
Th17 clones uniformly express the memory T-cell pheno-
type CCR7þCD62Ldim/� and CD45RA�CD45ROþ.24,32

Moreover, tumor-derived Th17 cells had minimal or no
expression of the cytotoxicity-associated markers CD56,
granzyme A and B, or Fas ligand, nor of the inhibitory
molecule PD-1.24,25 Notably, tumor-infiltrating Th17 cells
express some CTLA-4, CD25, and FOXP3, implying that
tumor-infiltrating Th17 cells may have developmental
plasticity and overlap phenotypically with T-regulatory cells
(Tregs).24 Indeed, IL-17þFOXP3þCD4þ populations have
recently been observed in human colon and esophageal
cancers.44,45 Furthermore, tumor-derived Th17 clones can
significantly alter their phenotypes and can differentiate into
FOXP3þ Tregs with potent suppressive function after
in vitro repetitive T-cell receptor stimulation.46
11
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Potential Mechanisms Responsible for the
Accumulation of Th17 Cells in Tumor
Microenvironments

Tumor Microenvironment Factors Mediate Recruitment
and Expansion of Th17 Cells

Recent studies suggest several potential mechanisms respon-
sible for the accumulation of Th17 cells in tumor sites. One
suggested mechanism is that the tumor microenvironment
preferentially recruits Th17 cells. Our group recently showed
that tumor cells, as well as tumor-derived fibroblasts, secrete
MCP-1 (the ligand for CCR2 or CCR4; alias CCL2) and
RANTES (the ligand forCCR1, CCR3, orCCR5; alias CCL5),
both of which strongly attract Th17 cell migration.24 These
studies suggest that tumor microenvironments may use
migratorymechanisms to selectively recruit Th17 cells from the
periphery into tumor sites. Furthermore, human primary tumor-
infiltrating Th17 cells isolated from melanoma, colon, hepato-
cellular, ovarian, pancreatic, and renal cell carcinomas express
high levels of CXCR4 and CCR6, several CD49 integrins, and
RANTES
(CCL5)

Protumor effects

1. Tumor angiogenesis (IL-17 ind
angiogenic factors, including 
VEGF, PGE2, and cytokines)

2. Activate oncogenic Stat3 signa
(IL-17→IL-6→Stat3 → prosur
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Figure 1 Recruitment, induction, expansion, and roles of Th17 cells in tum
RANTES (CCL5), MCP-1 (CCL2), and CCL20 secreted by tumor cells and tumor-derive
cells, tumor-derived fibroblasts, and dendritic cells produce a proinflammatory cyt
cell contact engagements that facilitate the generation and expansion of Th17 cel
angiogenesis through the induction of angiogenic factors, including VEGF, PGE2
6/Stat3/prosurvival and proangiogenic genes). Th17 cells may also play antitum
IFN-g, and Th17 cells can also indirectly enhance antitumor immunity through
cytotoxic T lymphocytes (CTLs) into the tumor sites and promote specific antitum
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the C-type lectin receptor CD161 (alias KLRB1).25,47 In addi-
tion, high levels of CXCL12 (the ligand for CXCR4) and
CCL20 (the ligand for CCR6) have been found in human tumor
microenvironments, which could facilitate Th17 cell trafficking
and migration into the tumor sites (Figure 1).47

Aside from the chemokine-mediated recruitment of Th17
cells into tumor sites, tumor microenvironment factors
(tumor cells, as well as tumor-derived stromal cells such as
fibroblasts and antigen-presenting cells) may also contribute
to Th17 cell differentiation and expansion.24,32 Tumor cells
and tumor environment stromal cells produce the proin-
flammatory cytokines IL-1b, IL-6, IL-23, and TGF-b, which
can form an optimal proinflammatory cytokine milieu suit-
able for human Th17 cell differentiation and expan-
sion.24,25,32 Blockade of IL-1b, but not IL-6 or TGFb,
decreases Th17 induction by human ovarian cancer-
associated myeloid antigen-presenting cells, suggesting
that IL-1b is crucial for Th17 cell generation in this tumor
microenvironment.25,32 In addition to cytokines, other tumor
microenvironment factors may also be critical for regulating
Th17 cell differentiation and generation. One potential
IL-1β
IL-6
TNF-α
IL-23
TGF-β1

Generation
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d fibroblasts or dendritic cells mediate the recruitment of Th17 cells. Tumor
okine milieu (IL-1b, IL-6, TNF-a, IL-23, and TGF-b1) as well as provide cell-
ls. IL-17 secreted by Th17 cells may play protumor roles by promoting tumor
, and cytokines, and by activating oncogenic stat3 signaling (IL-17/IL-
or roles. Th17 cells can directly eradicate tumor cells through production of

the recruitment of dendritic cells (DC), natural killer (NK) cells, and CD8þ

or immune responses.
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factor is retinoic acid, which enforces the generation of
Tregs and inhibits the differentiation of Th17 cells.48 Aryl
hydrocarbon receptor (AhR) ligand is another potential
factor; AhR regulates Stat1 activation and participates in the
development of Th17 cells.49,50 In addition, hypoxia-
derived metabolites in the tumor microenvironment, such
as adenosine, may influence Th17 cell differentiation.51

Adenosine acts via A(2B) adenosine receptor [A(2B)AR]
in dendritic cells to promote the development of Th17
cells.52 Notably, recent studies from our group suggest that
tumor cells and tumor-derived fibroblasts play a great role in
the expansion rather than the differentiation of human Th17
cells.24 Tumor cells and tumor environment stromal cells
not only provide soluble cytokines, but also unknown cell-
cell contact signaling for the expansion of human Th17
cells, with the latter being more critical for Th17 cell
regulation in the tumor microenvironment.24

Inflammatory Tumor Microenvironments Promote Th17
Cell Attraction and Generation

Chronic infection and inflammation are clearly important
environmental factors for tumorigenesis. Infection-induced
inflammation is triggered by interactions between pathogens
and Toll-like receptors (TLRs) or other innate receptors
expressed on immune and other cells.53 Recent studies have
shown that activation of dendritic cells, monocytes, and
peripheral blood mononuclear cells by TLR and nucleotide-
binding oligomerization domain-containing protein (Nod)
signaling can potentiate human Th17 cell differentiation and
induction.54,55 TLR2 also plays an important role in regu-
lating Th17 differentiation. Effects of TLR2 in CD4þ T
lymphocytes can promote Th17-cell immune responses and
regulate autoimmune disease pathogenesis.56 In addition,
TLR2 stimulation can convert human naïve and effector
Tregs into a Th17-like phenotype with reduced suppressive
function.57 Recent findings fromour group suggest that innate
signaling may also influence the prevalence of Th17 cells in
tumor microenvironments. In one study, TLR and Nod2
signaling increased MCP-1 and RANTES expression on
tumor cells and tumor-derived fibroblasts, resulting in
increased migration and trafficking of Th17 cells.24 In addi-
tion, TLR and Nod2 signaling accelerated the expansion of
Th17 cells by promoting the secretion of inflammatory
cytokines, including IL-1b, IL-6, IL-23, and TGF-b1, as well
as by providing cell-contact engagement of tumor cells and
tumor-derived fibroblasts.24 These results suggest that
signaling mediated by local chronic inflammation and infec-
tions at tumor sites can directly influence tumor cells and
tumor-derived stromal cells, which may also contribute to the
accumulation of Th17 cells in tumor microenvironments.

Role of Th17 Cells in Antitumor Immunity

Although Th17 cells are prevalent within tumor microen-
vironments, their functional role in tumor immunity is
The American Journal of Pathology - ajp.amjpathol.org
controversial. Most studies investigating the relationship
between Th17 cells and cancer have used mouse models,
and results have been contradictory. Information regarding
the role of human Th17 cells in cancer patients is limited
(Table 1). A fundamental understanding of Th17 cells in
antitumor immunity is critical to the development of novel
cancer immunotherapeutic strategies (Figure 1).

Protumor Effects

Protumor activity mediated by IL-17 and Th17 has been
observed both in mouse tumor models and in human cancer
patients. The potential mechanisms responsible for the protu-
mor activity of IL-17 or Th17 cellsmainly involve angiogenesis
and cytokine induction in the tumor microenvironment result-
ing in the promotion of tumor growth. IL-17 was shown to
promote tumorigenicity of human cervical tumors in nudemice,
whichwas associatedwith increased levels of IL-6 and IL-8 and
with recruitment of macrophages at the tumor site.58 Further-
more, a study in a mouse model of colon adenocarcinoma
demonstrated that the protumor effect of IL-17was related to its
capacity to induce tumor angiogenesis through the induction of
a wide range of angiogenic factors, including VEGF, PGE2,
keratinocyte-derived chemokine, and nitric oxide from fibro-
blasts and tumor cells.70 The same research group further
showed that IL-17 increased net angiogenic activity and the
growth of human non-small cell lung cancer by promoting
CXCR2-dependent angiogenesis in vivo.59 In support of this
notion, a recent study showed that accumulation of intratumoral
IL-17-producing cells enhances human hepatocellular carci-
noma progression by fostering angiogenesis.29 In addition to its
involvement in angiogenesis, IL-17 can induce IL-6production,
which in turn activates the oncogenic signal Stat3, resulting in
up-regulated prosurvival and proangiogenic genes.60

More recently, several clinical correlation studies in human
cancer patients have demonstrated a protumor role of IL-17 or
Th17cells in different typesof tumors.Hahnet al27 reported that
a chronic increase in Th17 cell activity in the gut was associated
with development of premalignant lesions of the gastroduo-
denal region. Tosolini et al26 analyzed 125 frozen colorectal
tumor specimens and reported poor prognosis in patients with
high Th17 cluster expression, whereas patients with high Th1
cluster expression had prolonged disease-free survival. A study
byWuet al61 suggested a role forTh17 cells in the pathogenesis
of acute myeloid leukemia. They observed that Th17 cell
frequencies were significantly increased in peripheral blood
samples from untreated patients with acute myeloid leukemia,
compared with those from healthy volunteers. Moreover,
increased IL-17 concentrations accompanied the increased
Th17 cell frequencies in these patients. In multiple myeloma
patients, elevated IL-17 produced by Th17 cells promoted
myeloma cell growth and inhibited effector immune func-
tions.62 Furthermore, in a study of ovarian cancer, chronic
production of TNF-a in the tumor microenvironment increased
myeloid cell recruitment in an IL-17-dependent manner that
contributed to tumor-promoting actions.33
13
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Table 1 Model Systems Used to Determine the Effects of Th17 or IL-17 in Tumor Immunity

Tumor type Experimental model Key results References

Pro-tumor effects of IL-17 or Th17 cells

Human cervical tumor
cell lines

Subdermally injected into
nude mice

Cervical cell lines transfected with a cDNA encoding IL-17
exhibited a significant increase of tumor size when transplanted
into nude mice.

58

Human multiple
myeloma (MM)

Subcutaneously injected
into SCID mice

Th17 cells and IL-17 were elevated in human myeloma. IL-17
promoted myeloma cell growth both in vitro and in vivo via IL-17
receptors and Th1 response inhibition.

62

B16 melanoma and
MB49 bladder
carcinoma cell lines

Subcutaneously injected
into IL-17�/� mice

Tumor growth was reduced in IL-17�/� mice. IL-17 can promote
tumor growth, partly via an IL-6-Stat3 pathway.

60

Human non-small cell
lung cancer (NSCLC)

Subcutaneously injected
into SCID mice

Transfection of IL-17 increased NSCLC growth in vivo (SCID mice)
via promoting CXCR2-dependent angiogenesis.

59

Mouse premalignant
gastroduodenal
lesions

Knockout mice (Smad4
deficiency in T cells)

Loss of Smad4 in T cells led to a chronic increase of gut Th17 cell
activity that was associated with the development of
premalignant lesions of the gastroduodenal region.

27

Mouse ovarian cancer
cell line (ID8)

Intraperitoneally injected
into mice

TNF-a maintained TNFR1-dependent IL-17 production by CD4þ

cells leading to myeloid cell recruitment into the tumor
microenvironment and enhanced tumor growth in mice.

33

Acute myeloid
leukemia (AML)

Human The frequencies of Th17 cells and the levels of related cytokines
(IL-17, IL-6, and TGF-b1) were increased in patients with AML.

61

Hepatocellular
carcinoma

Human Th17 cells were significantly increased in tumors of HCC patients
and were associated with poor survival.

29

Human colorectal
cancer

Human Patients with high expression of the Th17 cluster genes had a poor
prognosis.

26

Anti-tumor effects of IL-17 or Th17 cells

Mouse plasmocytoma
and mastocytoma
cell lines

Subcutaneously injected
into immunocompetent
mice

Transfection of IL-17 inhibited the hematopoietic tumor growth
in immunocompetent mice but not in nude mice, and T cells
were involved in antitumor activity.

64

Murine colon cancer
cell line (MC38)

Subcutaneously or
intravenously injected
into IL-17�/� mice

Tumor growth and lung metastasis were enhanced in IL-17�/�

mice, which were associated with the decreased IFN-gþ natural
killer cells and tumor specific IFN-gþ T cells in the tumor
draining lymph nodes and tumors.

66

B16-F10 murine
melanoma cells

Intravenously injected
into IL-17�/� mice

IL-17A-deficient mice were more susceptible to developing lung
melanoma. Adoptive T-cell therapy with tumor-specific Th17
cells prevented tumor development. Th17 cells elicited
a protective inflammation that promotes the activation of
tumor-specific CD8þ T cells.

65

B16 melanoma Pmel-1/Thy1.1
TCR-transgenic mice

Adoptively transferred IL-17-secreting CD8þ T cells resulted in
regression of large established B16 melanoma.

63

B16 melanoma Subcutaneously injected
into TRP-1 TCR
transgenic mice

Tumor-specific Th17-polarized cells eradicated established,
advanced B16 melanoma in a mouse model and this therapeutic
effect was critically dependent on IFN-g production.

30

Murine pancreatic
cancer cell line

Subcutaneously injected
into immunocompetent
mice

The addition of IL-6 to the tumor microenvironment skewed the
balance toward Th17 cells and improved mouse survival in
a murine pancreatic cancer model.

69

Ovarian cancer Human Th17 cells induced Th1-type chemokines and recruited effector
cells into the tumor microenvironment.

25

Lung cancer Human Human tumor antigen MAGE-A3-specific Th17 cells converted into
IFN-g�secreting cells as they differentiated into effector T cells
in vivo.

68

Lung cancer Human The accumulation of Th17 cells in human malignant pleural
effusion predicted improved patient survival.

67

Ye et al
Antitumor Effects

Despite studies demonstrating a role for Th17 cells in
promoting tumor growth, mounting evidence suggests that
14
Th17 cells may also have potent antitumor immune effects.
Murine tumor models have shown that Th17 cells can directly
eradicate tumor cells. Muranski et al30 demonstrated that
tumor-specific Th17-polarized cells reduced established,
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advanced B16 melanoma in a mouse model, and that this
therapeutic effect was critically dependent on IFN-g produc-
tion. Furthermore, Hinrichs et al63 reported that adoptively
transferred IL-17-secreting CD8þ T cells also enhanced anti-
tumor immunity, resulting in regression of large established
B16 melanoma. Transferred IL-17-producing CD8þ T cells
converted into IFN-g-producing effector T cells andmediated
antitumor effects. These studies also suggest the plasticity of
IL-17-producing T cells in the tumor microenvironment.

In addition to direct eradication of tumor cells, Th17 cells
appear to have indirect antitumor effects by recruiting other
tumor-specific immune cells and/or by promoting their
antitumor immune responses. Benchetrit et al64 showed that
transfection of IL-17 in immunocompetent mice but not in
nude mice inhibited the hematopoietic tumor growth as
a result of increased tumor-specific cytolytic T cells.
Furthermore, an elegant study by Martin-Orozco et al65

provides strong evidence that Th17 plays an indirect
antitumor role by promoting tumor-specific CD8þ T-cell
activation. They found that adoptive T-cell therapy with
tumor-specific Th17 cells significantly recruited dendritic
cells into the tumor site and draining lymph nodes, and also
triggered a strong antitumor CD8þ T-cell response. Kryczek
et al66 showed that enhanced tumor growth and lung metas-
tases in IL-17-deficient mice were associated with the
decreased IFN-gþ natural killer cells and tumor-specific
IFN-gþ T cells in tumor-draining lymph nodes and tumors.
These three studies support the notion that the effects of IL-17
on tumor development are influenced by the existence of an
adaptive immune system. In the presence of lymphocytes,
IL-17 promotes tumor rejection; in their absence, IL-17
favors tumor growth and angiogenesis.

Most data supporting an antitumor role for Th17 cells are
derived frommurine models, and the role of human Th17 cells
in antitumor immunity is incompletely defined. Kryczek et al25

investigated the functional role of Th17 cells and the associated
mechanisms, as well as their clinical significance, in 201
ovarian cancer patients. They showed that Th17 cells can
contribute to protective tumor immunity in humans by inducing
the Th1-type chemokines CXCL9 and CXCL10, resulting in
the recruitment of effector cells to the tumormicroenvironment.
Another group reported that the accumulation of Th17 cells in
human malignant pleural effusions predicted improved patient
survival.67 In addition, in lung cancer patients, human Th17
cells specific for the tumor antigen MAGE-A3 converted into
IFN-g secreting cells during differentiation into effector T cells
and mediated antitumor effects in vivo.68 Taken together, these
data suggest the potential protective function of human Th17
cells in antitumor immunity.
Plasticity and Balance of Th17 Cells and Tregs
in Tumor Microenvironments

Although different types of T-cell lineages have distinct gene
expression and regulation signatures, each subset retains
The American Journal of Pathology - ajp.amjpathol.org
substantial developmental plasticity. Increasing evidence
suggests that Th17 cells and Tregs have greater developmental
plasticity than Th1 and Th2 subsets.71,72 Several studies have
shown that human CD4þ Tregs can differentiate to IL-17-
producing cells (IL-17þFOXP3þ), and that Th17 cells can also
express both FOXP3 and ROR-gt (ROR-gtþFOXP3þ).73,74

Furthermore, the differentiation of human Th17 cells preferen-
tially occurs from naïve FOXP3þ Tregs rather than from
conventional naïve CD4þ T cells.75 In addition to differentiation
into Th17 cells, human memory Tregs themselves can secrete
IL-17 ex vivo and constitutively express ROR-gt. These IL-17-
secreting memory Tregs share certain phenotypic and func-
tional features with conventional Th17 cells.76

Recent studies suggest that epigenetic instability of cyto-
kine and transcription factor gene loci may have a role in
controlling the plasticity of Th17 cells.77 During the conver-
sion of Tregs into Th17 cells, transcription factors such as
Stat3 and Stat4 modulate the molecular process. Stat3 down-
regulates FOXP3 expression, and Stat3, ROR-g, and ROR-
a are required for IL-17 expression in Tregs.78 More recently,
the transcription factor HIF1-awas also shown to direct Th17
cell and Treg development.15 Lack of HIF1-a diminished
Th17 development, but it enhanced Treg differentiation and
protected mice from autoimmune neuroinflammation. The
mechanism involved is thought to involve an HIF1-a-
dependent glycolytic pathway that orchestrates a metabolic
checkpoint for the differentiation of TH17 cells and Tregs.15

Th17þFOXP3þ T-cell populations have been observed in
tumor environments. Kryczek et al44 reported that high
levels of IL-17þFOXP3þCD4þ T cells selectively accu-
mulated in the colitic microenvironment in association with
colon carcinoma. IL-17þFOXP3þCD4þ T cells functionally
suppressed T-cell activation and stimulated inflammatory
cytokine production in colitic tissues.44 Furthermore,
another study showed that CD4þIL-17þFOXP3þ T cells
exist in human esophageal cancer,45 and our group recently
showed that tumor-infiltrating Th17 cells obtained from
melanoma, breast, ovarian, and colon cancers also express
FOXP3.24 Taken together, these studies provide clear
evidence of the commitment and plasticity of Th17 cells and
Tregs in various types of tumors. However, whether the IL-
17þFOXP3þ T-cell population is derived from Tregs or
Th17 cells is still unclear. In addition, whether Th17 cells
can reciprocally convert into Tregs has not been fully
described. In a study to address these important issues, our
group demonstrated that Th17 clones generated from human
tumor-infiltrating T lymphocytes can differentiate into
FOXP3þ Tregs with potent suppressive function after
in vitro repetitive T-cell receptor stimulation.46 This Th17-
to-Treg conversion involved the epigenetic modification of
FOXP3 and reprogramming of gene expression profiles,
including those of lineage-specific transcription factors and
cytokine genes. These studies provide critical evidence that
human tumor-infiltrating Th17 cells can differentiate into
Tregs, and further demonstrate the potential for reciprocal
plasticity between Th17 cells and Tregs.46 In addition to
15
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Figure 2 The plasticity and balance of Th17 and Tregs in tumor microenvironments. The balance and commitment between Th17 and Tregs may be
controlled by the tumor microenvironment. In the presence of tumor microenvironmental cytokines IL-6, TGF-b, and IL-21, CD4þFOXP3þ Tregs can differ-
entiate into IL-17-producing Th17 cells (IL-17þ/FOXP3þ). Th17 cells also have the capacity to reciprocally differentiate into IFN-gþFOXP3þ Tregs by repetitive
tumor antigen (Ag) stimulations. In addition, tumor microenvironmental factors such as IL-2, retinoic acid (RA), or indoleamine 2,3-dioxygenase (IDO) may
facilitate this Th17-to-Treg conversion.
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potential antigenic stimulation, tumor-infiltrating myeloid-
derived suppressor cells may also contribute to the Th17-to-
Treg conversion, as well as to the plasticity of human
Th17 cells and Tregs in tumor microenvironments.79 The
mechanism of Th17 cell plasticity regulated by myeloid-
derived suppressor cells is dependent on myeloid-derived
suppressor cell-derived TGF-b and retinoic acid (Figure 2).

Given the significantly different roles and functions of
Th17 cells and Tregs in human immunity, appropriate inter-
actions and balance between them are critical for both phys-
iological and pathological conditions. The potential for
interconversion and balance between Th17 cells and Tregs
has been strongly supported by recent studies in human tumor
immunology. These studies indicate a dynamic interaction
between Tregs and Th17 cells in tumor microenvironments,
one in which Th17 cell and Treg cell numbers are reciprocally
associated with tumor progression.28,31,44,47,66 In addition to
reciprocal conversion of Tregs and Th17 cells, several addi-
tional tumor microenvironmental factors may contribute to
the balance between these two subsets of cells. One major
factor is the cytokine milieu of tumor microenvironment.
Kryczek et al31 showed that IL-2 reduces Th17 cell
16
differentiation in the tumor microenvironment, accompanied
by an enhanced Treg compartment both in vitro and in vivo.
Tregs can also promote Th17 development in vitro and in vivo
through regulation of IL-2.80 Furthermore, Tregs have been
shown to inhibit Th17 cell-mediated inflammation in an IL-
10-dependent manner.81,82 In addition to cytokine regulation,
several other possible regulatory mechanisms have been
proposed in nontumor-associated studies. Retinoic acid, a key
regulator of TGF-b-dependent immune responses, can inhibit
the IL-6-driven induction of proinflammatory Th17 cells by
promoting anti-inflammatory Treg differentiation.48 Sharma
et al83 showed that indoleamine 2,3-dioxygenase (IDO)
functions as a molecular switch in tumor-draining lymph
nodes, actively maintaining Tregs in their normal suppressive
phenotype but allowing inflammation-induced conversion of
Tregs to a polyfunctional T-helper phenotype similar to
proinflammatory Th17 cells when blocked. Notably, retinoic
acid and IDO are also critical suppressive mediators in tumor
suppressive microenvironments. Whether these molecules
are also involved in controlling the balance of Th17 cells and
Tregs in the tumor microenvironment remains to be deter-
mined (Figure 2). A better understanding of the mechanisms
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and regulations induced by tumor microenvironments will,
we trust, facilitate the development of novel strategies to
manipulate Th17 cell and Treg commitment and functions for
cancer immunotherapy.
Conclusion and Future Perspectives

The recent discovery of Th17 cells not only changes the
classical Th1/Th2 paradigm of T helper cell differentiation,
but also markedly alters conventional thinking regarding the
role of T helper cells in antitumor immunity. Improved
understanding of the nature and function of Th17 cells in
tumor immunity should lead to opportunities for the
development of novel therapeutic approaches for cancer
patients. Current knowledge obtained from murine tumor
models indicates that Th17 cells can exert both pro- and
antitumor effects that depend on the tumor model used and
the sources of IL-17 and Th17 cells, as well as on the
specific cytokine and inflammatory conditions within the
tumor microenvironment (Table 1). The functional contri-
bution of human Th17 cells to tumor immunity remains
controversial, and the data are derived mainly from limited
clinical correlation studies of Th17 cells in cancer patients
and disease progression. Mechanistic studies using
knockout technology are urgently needed to firmly establish
the role of Th17 cells in either promoting or inhibiting
tumor growth and development. Furthermore, extensive
investigation of Th17 cells from cancer patients with
different types of tumors and different stages is critical for
advancing knowledge regarding the role of Th17 cells in the
immunopathogenesis of human cancers.

There are many additional challenging issues related to
this specific research area. First, Th17 cells retain substantial
developmental plasticity within the tumor microenviron-
ment, and they can convert into other subsets of T cells,
including Th1 cells and Tregs. Future studies will need to
focus on defining the molecular mechanisms and identifying
the tumor microenvironment factors responsible for T-cell
lineage commitment, plasticity, and reciprocity of Th1 cells,
Th17 cells, and Tregs. Such information would be critical to
development of strategies using Th17 and/or Th1 cells as
potential therapeutic effector cells in cancer patients. Second,
increasing evidence suggests a dynamic interaction and
reciprocal conversion between Tregs and Th17 cells in tumor
microenvironments, and the numbers of Th17 cells and
Tregs appear to be reciprocally associated with tumor
progression.28,31,44,47,66 Identification of the molecular
mechanisms that regulate Th17 cell and Treg interconversion
and balance in the tumor microenvironment could also lead
to novel target therapeutic strategies for cancer and other
human diseases. Another important issue is the potential
heterogeneity of Th17 cell subsets in the tumor microenvi-
ronment. Different types of Th17 cells, including
IL-17þIFN-gþ and IL-17þIL-10þ Th17 cells, have been
documented in autoimmune and inflammatory diseases.38e41
The American Journal of Pathology - ajp.amjpathol.org
Clearly, these two types of Th17 cells have been observed in
tumor-infiltrating lymphocytes; however, whether the
generation of these two types of Th17 cells is due to varia-
tions in cellular circumstances, disease stage, or type of
tumor is still unknown. Furthermore, the precursor origin or
origins of these two types of Th17 cells, as well as their
specific roles in antitumor immunity, inflammation, or
regulatory effects, are as yet undefined. Characterization of
the molecular signatures and functional roles of Th17 cells,
as well as identification of the mechanisms underlying Th17
cell heterogeneity in individual tumors or during tumor
development, is also urgently required for the development
of effective and specific antitumor immunotherapies.
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