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Abstract
The role regulatory T cells (Treg) play in cancer development and progression is not clear. Earlier
evidence suggested that CD4+FOXP3+CD25high Treg accumulate in tumors and the peripheral
blood of patients with cancer and through suppression of anti-tumor immune responses promote
tumor growth. However, more recent data indicate that in certain cancers, such as colorectal
carcinoma (CRC), Treg suppress bacteria-driven inflammation which promotes carcinogenesis
and thus benefit the host. Treg appear to play a dual role in cancer. This might explain why the
frequency and functions of Treg are associated with a poor prognosis in some cancers but with
favorable outcome in others.

The clinical and prognostic significance of Treg in cancer depends on environmental factors,
including infectious agents, tumor-derived products and locally-produced cytokines, which shape
the nature of immune responses, including Treg generation, recruitment and survival. Adaptive or
inducible (i) Treg or Tr1 are the major subset(s) of Treg present in cancer. These iTreg are a
distinct subset of regulatory cells that phenotypically and functionally differ from FOXP3+ natural
(n) Treg responsible for peripheral tolerance. They mediate powerful suppression of effector T
cells via diverse mechanisms, produce immunosuppressive cytokines, notably TGF-β as well as
prostaglandin E2 and adenosine, and are resistant to apoptosis or oncological therapies. Strategies
for silencing of Tr1 in patients with cancer will require novel approaches that can selectively
deplete these cells or block molecular pathways they utilize.
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Introduction
It has been well documented that various cancer immunotherapies, including anti-tumor
vaccines, have a limited therapeutic efficacy when delivered to patients with advanced
disease, and that their impact on disease-free or overall patient survival has been minimal to
date [1, 2]. With a few notable exceptions, anti-tumor immune responses generated by these
immunotherapies are often weak, short-lived and biased toward Th2- rather than Th1-type
responses [3]. The reasons for these unexceptional clinical effects of anti-tumor
immunotherapies have been long ascribed to tumor-induced immune suppression, which
allows human tumors to disarm the host immune system and thus to escape from immune
surveillance and immune destruction [4, 5]. Indeed, human tumors are known to produce a
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broad variety of immunosuppressive factors, including adenosine [6, 7], prostaglandin E2
(PGE2) [ 8-10], inhibitory cytokines such as TGF-β [11], gangliosides [12] and many others
[13, 14]. Immune cells, including cytotoxic T lymphocytes (CTL), are expected to recognize
and eliminate tumor cells, but in the tumor microenvironment, these cells are rendered
dysfunctional [15]. It is of note that tumor-induced immune cell dysfunction is restricted to
tumor-directed responses, as anti-viral and anti-bacterial immune responses remain
unimpaired in most patients with cancer while anti-tumor immunity is selectively
compromised. Further, tumor-induced dysfunction extends to tumor antigen-specific T cells
as well as innate immunity components such as natural killer (NK) cells and macrophages
[16]. Tumor-induced dysfunction of adaptive and innate immunity can be local or systemic,
can be concomitantly present in T cells, NK cells, dendritic cells (DC), B cells and
monocytes [16] and can selectively interfere with signal transduction, activation, cytokine
production, proliferation, cytotoxicity or cell migration [16-19]. The profile and severity of
immune dysfunction in immune cells of different patients with cancer can vary and appears
to be dependent on the ability of each tumor to create a unique immunoinhibitory
environment and to engineer an escape from immune control [20].

Human tumors are often infiltrated by immune cells, predominantly T lymphocytes and
myeloid cells, which are recruited to the site by chemokines and cytokines secreted by the
various cells in the tumor milieu [21]. Although tumor-infiltrating lymphocytes (TIL) can to
some degree retain anti-tumor activity, and many express activation markers such as CD25
or CD69, tumors that are most aggressive also appear to be most immunosuppressive for
TIL [22-24]. Among T cells recruited to human solid tumors are CD4+FOXP3+CD25high

regulatory T cells (Treg). These T cells accumulate in tumors and the peripheral blood of
patients with cancer [25-30], and the increased Treg frequency has been generally
considered as a marker of poor prognosis in cancer presumably due to Treg-mediated
suppression of anti-tumor immunity, which benefits the tumor [31-33]. More recently,
however, several lines of evidence suggest that Treg might play a dual role in
carcinogenesis. On the one hand, Treg can down-regulate inflammation, which in some
cancers has been linked to tumor progression [34] and thus Treg benefit the host. On the
other hand, Treg accumulations in cancer predict poor outcome [31-33]. It appears that Treg
can benefit the host by controlling inflammation but can also be harmful by suppressing
anti-tumor immunity and promoting cancer progression. In this review, we will consider the
evidence in support of this paradigm. The objective is to document Treg involvement in
promoting or inhibiting tumor progression and to provide insights into the role tumor-
associated inflammation plays in modulating Treg initiation, differentiation and suppressor
functions.

Phenotypic and functional characteristics of Treg in cancer
Treg are a small subset of CD4+ T lymphocytes (about 5%) which suppress functions of
autologous conventional T cells (Tconv) [27, 28]. They comprise several subsets of
phenotypically similar cells able to suppress Tconv through distinct and often unexpected
mechanisms [35-38]. At least two Treg subsets have been recognized in man: (a) natural
(n)Treg, which originate in the thymus, mediate suppression via cell contact-dependent
mechanisms involving, e.g., the granzyme B/perforin or Fas/FasL pathways and constitute a
major regulatory T-cell subset for maintaining peripheral tolerance [39, 40] and (b)
inducible or adaptive Treg (iTreg), also referred to as type 1 regulatory T cells (Tr1), which
are induced in the periphery in response to environmental signals, including antigens plus
IL-2, TGF-β and IL-10 [29, 41, 42]. Tr1 mediate suppression by contact-independent
mechanisms through the production of TGF-β, IL-10 and other immunosuppressive factors
[29, 43].
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In contrast to murine Treg, the phenotype of human Treg is not yet firmly defined. All
murine, and most functional human nTreg are characterized by intracellular expression of
FOXP3, a transcription factor forkhead box p3, belonging to the forkhead/winged-helix
family [44, 45]. Most nTreg are FOXP3+, while Tr1 cells might not be, thus suggesting that
these two subsets of Treg represent distinct CD4+ T cell lineages responding to different
signals and presenting different phenotypic as well as functional profiles. In addition to
intracytoplasmic FOXP3, surface expression of IL-2 receptor alpha chain (CD25) has been
the most commonly used marker for Treg definition and also for their isolation [25]. Similar
to FOXP3, CD25 is not a marker specific for Treg, as it is expressed in activated CD4+ or
CD8+ T cells with no suppressor activity [46]. It has become a common practice in flow
cytometry to distinguish between Treg and Tconv based on the level of CD25 expression,
with CD4+CD25high T cells considered as Treg [25, 47]. This has often led to arbitrary
decisions regarding the Treg selection, and a functional definition based on suppression of
Tconv proliferation had to be used to confirm the presence of Treg in cell fractions separated
by CD25 expression levels [25]. An urgent need exists for additional cell markers which
could reliably identify Treg and allow for their isolation from tissues and peripheral blood.
The cytotoxic T lymphocyte antigen-4 (CTLA-4, CD152), the glucocorticoid-induced tumor
necrosis factor receptor (GITR) and ICOS as well as programmed-death-1 (PD-1) were
found to be expressed on human Treg, but neither was specific for Treg [48-50]. Similarly,
the chemokine receptors CCR4 (CD194) [26, 27], CCR6 (CD196) [28] and CCR7 (CD197)
[51, 52], which are expressed by human Treg are also found on other T cells. While these
various markers cannot be used to distinguish or isolate Treg, they endow Treg with special
functions. For example, the chemokine receptors are critical for Treg migration, while
signaling via GITR down-regulates Treg functions [53, 54], and it may serve as a co-
stimulatory factor for activated T cells [55]. A relatively new marker, HELIOS, an Ikaros
family transcription factor, is said to be present on nTreg but not on iTreg [56]. Treg are also
characterized by the absence of certain surface markers that are expressed on Tconv. These
include IL-7-receptor, CD127 [57] and an integrin alpha subunit, CD49d [58]. Negative
selection of Treg based on the absence of these markers, followed by confirmatory
expression of FOXP3, has become a method of choice for Treg isolation [59]. But, in
common with CD25, these two surface markers do not provide a distinct cut-off in
expression levels between Treg and Tconv in flow cytometry, so that gate setting for these
markers is also an arbitrary decision.

We and others have recently described the presence of an ectonucleotidase, CD39, as a new
functional surface marker for Treg [60-62]. CD39 hydrolyzes exogenous ATP to ADP and
5′AMP, which is further hydrolyzed to adenosine by another ectonucleotidase, CD73 [63].
Murine Treg express CD73 on the cell surface, while in human Treg it is found in the
cytoplasm but only after vigorous cell permeabilization (T. Whiteside, unpublished data).
Therefore, its presence on the surface of human Treg is difficult to demonstrate by
conventional methods [64, 65]. Our data suggest that CD73 surface expression may be
restricted to a subset of iTreg [66]. It has been shown that CD39 expression defines a subset
of CD4+ T cells which mediate suppression in vitro [67] and also in vivo, as shown in
murine studies [68]. Therefore, this marker is considered suitable for positive selection of
Treg from CD4+ T cells [62]. More recently, it has become clear that human Treg selected
by the surface expression of CD39 consist of two closely interacting cell subsets, a subset of
CD25+FOXP3+ cells, which mediate suppression, and a subset of CD25negFOXP3neg cells,
which are not able to suppress T cell proliferation but always accompany FOXP3+ T cells,
perhaps serving as precursor cells [69, 70]. Because cells in both subsets are CD39+ and can
hydrolyze ATP to AMP and eventually to adenosine, they are operationally considered to be
suppressor cells. Adenosine is known to modulate functions of a variety cell types via
adenosine receptors and 3′5′-cAMP up-regulation [71]. Thus, Treg able to produce
adenosine could be involved in multiple cellular functions from immune suppression to

Whiteside Page 3

Semin Cancer Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



regulation of the vascular proliferation and other cellular responses. Most likely, an excess
of extracellular ATP, such as exists in tumors infiltrated by inflammatory cells, serves as a
recruiting signal for iTreg which express purinergic receptors, P2X7 [72]. This may be, in
part, responsible for Treg accumulations at tumor sites. Once recruited, iTreg perform a
variety of tasks, including the hydrolysis of endogenous ATP, which at elevated levels may
be toxic to surrounding cells [72].

Functional attributes of Treg are clearly the best marker for their identification. The most
widely used suppressor cell assays measure inhibition of responder T cell proliferation or
cytokine production. Unfortunately, T-cell proliferation assays, which have to be run at
several different T suppressor/T responder cell ratios, require substantial numbers of
preferably freshly-harvested cells and are not practical. On the other hand, flow cytometry-
based cytokine assays, which can be performed with relatively small numbers of
cryopreserved and thawed lymphocytes, lend themselves well to measurements of inhibition
of cytokine expression levels in responder cells. Intracytoplasmic cytokine assays could
serve as surrogate functional markers for Treg, especially iTreg which use TGF-β or IL-10
for suppression and express TGF-β-associated membrane-tethered GARP (garpin) and
latency-associated peptide (LAP). Further, iTreg generated in the presence of COX-2+

tumors have been shown to be COX-2+ and produce PGE2 as well as express CD73 on the
cell surface, which might allow for discrimination of Tr1 and their partial functional
characterization by flow cytometry [66]. More recently, Krammer’s group reported that
human Treg can suppress T cell receptor (TCR)-induced Ca2+, NF-κB and NFAT signaling
in Tconv, providing a broader repertoire of suppression assays that can be used with human
cells [73]. Another alternative is to measure increases in cAMP levels as an indicator of
suppression in responder T cells co-incubated with Treg, using classical biochemical
methods. However, cell numbers might again be a limiting factor in these assays. It is
always advisable to measure suppressor function of isolated T cell subsets in addition to
phenotyping Treg, so that the presence of FOXP3+ CD25highTreg can be supported by
evidence of suppression. It is necessary to remember that several different molecular
pathways responsible for Treg-mediated suppression exist [35-37, 74] and may or may not
be utilized by FOXP3+CD25high Treg. Another confounding aspect of Treg phenotyping is
the finding that iTreg generated in vitro and those present in tumor tissues may not be
CD25high, but instead tend to express CD123 (IL-2Rβ) and CD132 (IL-2Rγ) and are
variably positive for FOXP3 [29]. This has to be taken into account when studies of the Treg
frequency in cancer patients are conducted. Also, while immunostaining of sections cut from
paraffin-embedded tumor for FOXP3+ cells is reliable and allows for their enumeration, it is
necessary to remember that activated Tconv or tumor cells can also express FOXP3 [46, 75,
76]. Further, Abs specific for markers other than FOXP3 expressed on Treg might not be
reliable for immunohistochemistry (IHC). Counting of Treg in tumor sections stained by
IHC is a demanding task that requires the use of image analysis and the systems biology
methods, as so elegantly demonstrated by Galon and collaborators [77]. Visual examination
and manual cell counts in tissue are clearly less reliable. Thus, tissue studies of FOXP3+

Treg must be interpreted with caution.

Treg found in tumors and in the peripheral circulation of cancer patients have distinctive
properties. Induced in the tumor microenvironment that is dominated by the tumor, these
Treg acquire properties necessary for the control of immune responses taking place locally.
Treg present in cancer patients are, by and large, adaptive or inducible Treg (iTreg, Tr1).
They differ from thymus-derived natural Treg (nTreg) responsible for the maintenance of
peripheral tolerance in healthy donors. The phenotypic differences that exist between these
subpopulations of Treg are not as apparent or as well defined as functional differences:
iTreg, especially those in TIL isolated from human tumors, mediate stronger suppression
and may utilize a broader range of suppressor mechanisms than nTreg [25]. In fact,
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subpopulations of iTreg seem to exist that “specialize” in the type of regulatory mechanisms
they employ. This functional heterogeneity of iTreg accounts for difficulties in assigning to
them a definitive phenotype. Also, the origin of iTreg is still a mystery, although they seem
to arise by conversion of Tconv responding to signals generated on site [78]. However, the
nature of these signals as well as the elements controlling iTreg differentiation are not
entirely clear. Importantly, CD4+ T cells with characteristics similar to those of iTreg
present in cancer patients are found in chronic inflammatory lesions and chronic viral
infections such as HIV-1 or HPV [79].

Cancer and inflammation
Many human tumors are preceded by or associated with inflammation [80]. In liver cancers
caused by viral hepatitis, gastric cancer caused by H. pylori infection, head and neck cancers
which are HPV+ or in inflammatory bowel disease preceding the development of colorectal
cancer (CRC), inflammation is considered a direct cause of malignancy [81]. On the other
hand, while the initial development stages of some human tumors may not be associated
with inflammation, once established, these tumors invariably produce factors attracting
inflammatory cells and thus create an inflammatory environment, which promotes tumor
growth [17]. These two pathways of tumor genesis share in common a tumor-promoting
process in inflammation. Further, a vast majority of human cancers are treated with
adjuvant, neo-adjuvant or definitive chemoradiotherapy (CRT). CRT causes a long-lasting
imbalance of the host immune system, resulting in a state of chronic inflammation [82]. It is
suspected, but not proven, that post-therapy chronic inflammation plays a role in the
development of secondary cancers or in recurrence of the disease. The frequency of Treg is
increased in chronic inflammation, in cancer patients with active disease, and especially, in
cancer patients after oncologic treatments [26]. In all these cases, the increased frequency of
Treg serves as a signal for enhanced levels of immune regulation to bring inflammation
under control and restore the equilibrium.

When persistent inflammation threatens to cause tissue destruction, Treg accumulate and
proceed to contain inflammation, thus benefiting the host. As the promotion of tumor growth
is dependent on the destruction of normal tissue homeostasis by chronic inflammatory cells,
Treg activities in this context can be seen as a limiting factor in the tumor development. On
the other hand, in the presence of an established tumor, Treg-mediated suppression
eliminates anti-tumor functions of immune effector cells, thus benefiting the tumor. The
questions that remain unanswered in this scenario are whether the same or different Treg
subsets mediate both these series of events; how the tumor influences Treg activity; and
whether Treg use the same or different suppression mechanisms to control tumor-associated
inflammation vs. that occurring in the tumor absence. To be able to begin addressing these
issues, it is necessary to consider the current information available about Treg associated
with human cancers and their role in cancer progression.

The role of Treg in colorectal carcinoma (CRC) progression
There has been intense interest in the role Treg play in human cancer and in chronic viral
infections. Increased numbers of CD4+FOXP3+CD25high Treg as well as high levels of
suppressor function have been observed not only among TIL obtained from various human
carcinomas but also in the peripheral circulation of cancer patients [reviewed in 28]. Further,
Treg accumulations in cancer have been generally linked to unfavorable disease outcome as
reported for many human solid tumors [30-32]. This might be expected, as Treg are able to
inhibit anti-tumor immunity and mediate immune tolerance favoring tumor growth. In this
context, Treg could be viewed as the major component of tumor escape from the host
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immune system and thus might serve as a marker of a poor prognosis and represent a new
target for immunotherapy.

At the same time, evidence exists that accumulations of FOXP3+ Treg in tumors, as
evaluated by IHC, is not always associated with a poor prognosis. In some cancers, notably
in CRC, the presence and density of FOXP3+ Treg have been linked to an improved
prognosis. Salama et al recently reported an improved survival (p=0.001) for patients whose
tumors had a high density of intratumoral FOXP3+ Treg [83]. This finding was more
recently confirmed by Frey et al [84]. In patients with head and neck squamous cell
carcinoma (HNSCC), tumor infiltration by CD4+FOXP3+ Treg was positively associated
with a better locoregional control of the tumor [85]. Recently, Ghiringhelli and colleagues
examined all published studies referring to FOXP3+ T cell infiltration and prognosis in CRC
[86]. A uniformly consistent results of these studies confirmed a significant positive
correlation between the density of FOXP3+ T cell infiltrations and an improved prognosis
and/or survival in CRC [ 86 ]. Looking for an explanation for these unexpected results, it is
necessary to consider a possibility that FOXP3+ or CD25+ T cells counted in tissues were
not Treg but rather activated CD4+ or CD8+ effector T cells. However, functional studies,
while limited, appeared to confirm that FOXP3+ T cells isolated from CRC mediated
immune suppression [87], and thus the “mistaken identity” could not explain the paradoxical
results.

It is important to recall that CRC develop in a special microenvironment enriched in the
intestinal microorganisms. Numerous lymphoid and myeloid cells are present in the lamina
propria and infiltrate between the epithelial cells arranged in a monolayer forming the
intestinal mucosal barrier. Many of the T cells infiltrating intestinal mucosa might be
specific for bacterial antigens. These T cells and other inflammatory cells rich in toll-like
receptors (TLRs) probably play a key role in initiating and maintaining cellular activation in
situ. Gastrointestinal bacteria are known to trigger cascades of pro-inflammatory cytokines,
which drive pro-angiogenic and tumor-enhancing effects via activation of transcription
factors such as STAT3 and NFκB [88, 89]. A chronic inflammatory reaction in the intestine
has to be strictly controlled to prevent the onset of inflammatory bowel disease. Thus, Treg
are necessary to impose control, and this explains their accumulation in the intestinal
mucosa. Mice deficient in T cells were shown to be highly susceptible to inflammatory
bowel disease and to the development of carcinomas. Adoptive transfer of Treg ameliorated
inflammation and carcinogenesis, but only if Treg were previously exposed to enteric
bacteria and secreted IL-10 [90]. These experiments showed that through suppression of
inflammation driven by bacteria, FOXP3+ Treg prevented carcinogenesis. In fact, their
presence was essential for control of destructive inflammation culminating in CRC. Thus
Treg, whose normal job is to control and suppress potentially destructive immune responses,
acquire anti-tumorigenic properties when such responses promote carcinogenesis. In CRC,
the relationship between the FOXP3+ Treg abundance and favorable prognosis is the result
of a physiologically normal process designed to control excessive inflammation. It is
important to remember, however, that the role of Treg in early stages of carcinogenesis may
be different from that in established tumors. Once established, the tumor has an opportunity
to influence Treg functions and re-direct them into exercising not anti- but pro-tumorigenic
activities designed to suppress functions of tumor antigen-specific effector T cells. In CRC,
Treg appear to attenuate destructive inflammation in early stages of carcinogenesis, while at
late stages, they might down-regulate anti-tumor immune responses.

In contrast to CRC, in other human solid tumors, which develop in non-infected tissues,
tumor cells have the capability to produce TGF-β, PGE2, adenosine and other suppressive
factors which inhibit Th1 responses [6-9, 91]. Tumors also produce chemokines, which
promote Treg accumulation. In the presence of TGF-β and tumor antigens conversion of
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Tconv to iTreg is encouraged. Accumulations iTreg further inhibit Th1 responses by
interfering with anti-tumor functions of effector T cells and ultimately contribute to poor
outcome. It appears that septic vs. non-infective nature of the tissue in which carcinogenesis
occurs influences the role Treg are destined to play in respect to inhibition vs. promotion of
tumor progression.

Treg and effector T cell interactions vs. prognosis
Human tumors are usually infiltrated with T cells other than Treg which could influence
prognosis. For example, in a recent IHC study of over 1300 breast cancer specimens, tumor-
infiltrating CD8+ T lymphocytes were found to predict clinical outcome: the total count of
tumor-infiltrating CD8+ T cells was found to be an independent prognostic factor of better
patient survival [92]. Numerous other IHC studies have suggested that infiltration of solid
human tumors with CD8+ T cells is associated with improved prognosis [93]. Not only the
number of tumor-infiltrating CD8+ effector T cells but also their activation and the
functional capability to eliminate tumor targets are considered critical for the control of
tumor growth [16]. In this context, Treg and their interactions with CD8+ T effector or
CD4+ T helper cells could influence prognosis. In a series of studies in CRC by Fridman’s
group, it has been shown via immunostaining of hundreds of tumor specimens, that a strong
local immune reaction, including CD3+, CD8+ and memory CD45RO+ T cells, correlates
with a favorable prognosis regardless of the local extent of the tumor or regional lymph node
involvement [94, 95]. Within dense infiltrates of CD8+ effector memory T cells in CRC, the
high frequency of FOXP3+ T cells was singled out as the independent and favorable
prognostic factor in Salama’s report [83]. In aggregate, these studies suggested that in CRC,
high-density infiltrations by effector CD8+ Tcells and FOXP3+ Treg are associated with
improved outcome. If so, then the CD8+/Treg ratio could serve as a marker of favorable
prognosis in CRC and perhaps other solid tumors. Indeed, based on positive correlations
between effector T-cell density in CRC and favorable outcome [96], the CD8/Treg ratio has
been used in some studies to monitor lymphocyte changes in the course of therapies.
However, the lack of consistency in phenotyping of human Treg in situ does not yet allow
for definitive conclusions about the general utility of the CD8+/Treg ratio as a potential
surrogate marker of prognosis.

Under normal circumstances, whenever CD8+ effector and CD4+ helper T cells accumulate
in response to local signals, so do FOXP3+ nTreg to maintain the homeostatic balance and
prevent potential tissue damage. In solid tumors, however, a conversion of Tconv into Tr1
occurs, creating a pool of highly activated and indiscriminately suppressive adaptive Treg,
which interfere with functions of immune cells, including anti-tumor effector T cells.
Tumor-associated Tr1 are pro-tumorigenic, as they produce immunosuppressive cytokines
(IL-10, TGF-β) as well as other immunoinhibitory factors, such as adenosine and PGE2
[66]. It is of interest to note that PGE2 was recently identified as the single inflammatory
signal that triggers DNA methylation, thereby shutting off tumor suppressor and DNA repair
genes in colon cancer models [97]. Further, tumor-associated Tr1 appear to be resistant to
chemo-, radio-, and immunotherapies, and thus their increased numbers following oncologic
therapies and persistent suppression of anti-tumor immune responses might create
conditions favorable to disease recurrence. This aspect of Tr1 induction and persistence in
cancer is currently under investigation.

Our understanding of the role FOXP3+ Treg play in cancer has been further complicated by
a recent discovery of another subset of CD4+ T cells, Th17 cells, which normally arise in
response to intestinal bacteria and reside in gut-associated lymphoid tissue (GALT). Th17,
like FOXP3+ Treg, accumulate in human tumors, although the relationship between
FOXP3+ Treg and Th17 is not clear [98]. Th17 express the transcription factor RORC,
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which is linked to STAT-3, produce IL-17, a pro-angiogenic cytokine, as well as pro-
inflammatory IL-6, IL-1, and TNF-α [99]. Normally Th17 mediate protection against
extracellular pathogens but in tumors they contribute to tumor growth [99]. Galon et al
reported that in CRC, infiltration of the tumor with Th17 predicted a poor prognosis
(p=0.0009), contrasting with a favorable prognosis for tumors infiltrated by Th1 and CD8+

T cells [100]. In the same study, a favorable prognosis correlated with the high frequency of
FOXP3+ Treg. Based on these data, it is possible to speculate that tumor-promoting
capabilities of Th17 could be decreased or abolished by FOXP3+ Treg thus, in part,
accounting for a favorable role of FOXP3+ Treg in CRC prognosis. On the other hand, in
ovarian carcinoma, patients with higher numbers of tumor-infiltrating Th17 cells had
significantly better overall survival, irrespective of the tumor stage, and their frequency
inversely correlated with that of tumor-infiltrating FOXP3+ Treg [98]. The prognostic
impact of Th17 in cancer remains to be determined as is the extent and results of inter-
cellular interactions between Th17 and Treg in the tumor microenvironment.

In aggregate, current evidence suggests that in CRC, the density of effector T cells and the
frequency of FOXP3+ Treg in the tumor are associated with improved prognosis. The
question remains as to whether the same relationship exists in other human solid tumors that
do not arise and develop in the inflammatory environment dominated by gastrointestinal
microorganisms.

Treg in prognosis of other solid cancers
The favorable impact of FOXP3+ Treg accumulations on prognosis has also been reported
for head and neck carcinomas (HNC), which are often characterized by dense infiltrates of
activated T cells [101]. Situated in the oral cavity, nasopharynx or larynx, these tumors, like
CRC, are permanently exposed to microorganisms, and microbial flora appears to play a role
in tumor progression [102]. Like CRC, HNSCC are reported to be heavily infiltrated by
Th17 cells [103]. Using flow cytometry and CFSE-based suppressor assays, we evaluated
the frequency of FOXP3+CD25high Treg and their suppressor functions, respectively, in
isolated tumor-infiltrating lymphocytes (TIL) obtained from tumors and the peripheral
circulation of untreated patients with HNSCC. The frequency and function of Treg in the
tumor as well as the patients’ blood were significantly increased relative to values seen in
the blood of age- and sex-matches normal donors [26]. CD4+FOXP3+CD25high Treg were
more numerous and mediated significantly higher suppression in HNSCC patients with T3/
T4 tumors, nodal involvement and advanced disease than in patients with T1/T2 tumors and
early disease [26]. The data suggested that a high frequency of FOXP3+CD25high Treg and,
as shown later of CD4+CD39+ Treg, in the tumor and peripheral blood, was associated with
poor prognostic parameters in HNSCC [104]. Two other studies, both using
immunostaining, reported the increased FOXP3+ Treg frequency in HNC specimens. In the
study of 84 HNSCC by Badual et al [85], a high density of CD4+FOXP3+ Treg was
associated with a better locoregional control of the tumor at p=0.026 but did not influence
overall survival (p=0.07). In another study of 106 tumor specimens from patients with
nasopharygeal carcinoma (about half were positive for Epstein Barr Virus (EBV)), high
density of tumor-infiltrating FOXP3+ Treg was negatively associated with tumor stage
(p<0.05) and positively associated with better overall and disease-free survival (p<0.01)
[105]. The discrepancy in prognostic significance of Treg between these studies could be
explained by the methods used as discussed above creating a bias in favor of activated T
cells, whose presence in the tumor clearly favors an improved prognosis. Also, by exclusive
consideration of FOXP3+ Treg, the in situ studies disregard the presence of iTreg, by far the
most active suppressor cells in cancer.
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In contrast to CRC or HNC, most human breast tumors, except perhaps ductal breast
carcinomas, contain fewer inflammatory cells and develop away from infectious agents.
Nevertheless, inflammatory cells, especially CD8+ T cells are often present in and around
tumor nests and are prognostically significant [92]. The Treg number is increased in the
peripheral blood and breast cancer tissue [106] and is significantly elevated in patients with
metastatic disease [107]. However, in other studies evaluating the clinical significance of
FOXP3+ circulating or tumor-infiltrating cells, respectively, the absolute numbers of Treg
were not found to be prognostically important [108, 109].

The hypothesis that associates high density of FOXP3+ Treg in CRC and, less convincingly
in HNSCC, with a favorable prognosis is based on the ability of these cells to suppress
tumor-promoting inflammatory reactions initiated by infectious agents. By extending this
hypothesis to other human solid tumors, many of which are, in fact, preceded by numerous
infectious episodes, an argument for a beneficial role of Treg in regulating carcinogenesis
gains strength. On the other hand, if Treg in tumors suppress anti-tumor immunity thereby
promoting tumor progression, then their presence and activities would predict a poor
outcome. Further, their presence and activities would likely interfere with immunotherapy.
This latter view has been dominating the oncology field, and it provided a rationale for
considering Treg depletion in order to increase the efficacy of immunotherapy.

Treg and cancer therapy
The role of Treg in cancer therapy, similar to their prognostic value, remains controversial.
Although in vivo and in vitro studies in murine models of cancer and in patients with cancer
have shown that Treg compromise the host’s anti-tumor immunity, more recent data indicate
that their role in cancer therapy is complex and diverse [110] Nevertheless, it is still widely
believed that in vivo elimination of Treg may enhance tumor anti-tumor immunity. The
immunomodulatory properties of low-dose cyclophosphamide regimen are well known, and
in various experimental animal cancer models, Treg depletion by cyclophosphamide has
been linked to the recovery of T-cell immune responses[111] However, recent studies show
that Treg depletion by cyclophosphamide is less effective in humans, and that it does not
enhance the potency of cancer immunotherapies [112, 113]. Other Treg-depleting regimens
used to improve endogenous anti-tumor immunity or the efficacy of immunotherapies
include administration of daclizumab (anti-CD25 Ab), denileukin diftitox also known as
ONTAC or tyrosine kinase inhibitors such as Sunitinib [114-116]. These anti-Treg regimens
transiently reduce Treg numbers in the blood of some patients. To investigate the impact of
the above listed Treg-depleting agents administred in combination with anti-tumor vaccines
on the frequency of FOXP3+ Treg, and not on other activated T cells, a recent study used a
MS-qPCR method to follow the fate of circulating T cells with demethylated FOXP3 intron
1 [117]. In melanoma patients receiving this immunotherapy, none of the three strategies
resulted in a sustained reduction in the frequency of circulating FOXP3+ Treg that exceeded
50%. In most patients, this reduction was much more modest, while the treatment with IL-2
used as a control, increased the frequency of circulating FOX-2+ Treg at least two fold
[117].

Because the role of Treg in cancer therapy remains unclear, it is possible that Treg depletion
might serve as a proverbial double edged sword. Schwartzentruber et al recently reported an
association between the Treg frequency and clinical responses in a phase III study of
melanoma patients treated with high-dose IL-2 alone or in combination with a peptide
vaccine [118]. The responding patients enrolled in the IL-2 plus vaccine arm showed a
significantly higher increase in Treg frequency than the patients who did not clinically
respond [118]. Here, the results point to a beneficial clinical role of expanded Treg. In
another study, tumor specimens obtained from colon cancer patients prior to systemic
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chemotherapy were evaluated for tumor infiltration by FOXP3+ Treg [119]. In patients with
tumors characterized by high numbers of tumor-infiltrating Treg, overall survival,
progression-free survival and treatment-relative survival were all significantly higher
relative to patients whose tumors were poorly infiltrated with FOXP3+ Treg [119]. In view
of these clinical trial results, and the observations that therapies inducing anti-tumor immune
responses also induce Treg which, in turn, influence clinical responses and prognosis in
cancer patients, it becomes highly important to determine whether this paradigm is valid. In
other words, is Treg depletion necessary or effective in improving results of immunotherapy
in cancer?? Is Treg expansion, e.g., by IL-2 delivery, rather than Treg depletion a better
strategy for improving results of immune therapies?? To confirm the validity of Treg
depletion for improving clinical efficacy of immune therapies in humans, it will be
necessary to design and conduct future clinical trials based on new insights into the Treg
biology. In cancer, the emphasis should be on iTreg or Tr1, because these cells appear to
have a major role in cancer progression. These Treg are induced in the tumor
microenvironment and empowered by the tumor to eliminate or dampen anti-tumor
immunity. Their selective depletion may thus be necessary. Fortunately, they have distinct
phenotypic and functional attributes [29, 91]. For example, we have recently reported on the
utilization of the adenosinergic pathway by human iTreg [66, 67]. In pathologic conditions,
such as cancer or chronic infections, it is these iTreg recruited and conditioned by the tumor
that mediate high levels of suppression by producing adenosine and up-regulating 3′,5′-
cAMP levels in responding immune cells [118]. Our evidence suggests that while the iTreg
induction may be driven by tumor-associated antigens in a cytokine-permissive
environment, and in that sense might be antigen specific, it appears that suppression these
Tr1 exert at the effector cell level is non-specific, targeting adaptive as well as innate
immune cells.

Conclusions
Regulatory functions exercised by Treg are critically important for maintaining immune
responses in balance. In health, this balance is largely controlled by thymus-derived
CD4+FOXP3+ T lymphocytes utilizing contact-independent suppression mechanisms. In
cancer or chronic viral infections, the rules for nTreg-mediated control of immune responses
change. A rapid expansion of adaptive T cells and powerful activation of innate immune
cells necessary for an effective containment of insulting agents has to be regulated to avoid
excessive tissue destruction. Whether in cancer or during infections, Treg are called upon to
restore the immune equilibrium and prevent tissue damage. In early carcinogenesis, which in
tumors such as CRC is associated with prolonged pro-inflammatory insults driven by
gastrointestinal bacteria, Treg are instrumental in limiting the local inflammation that
ultimately leads to cancer. The abundant presence of FOXP3+ Treg within inflammatory
infiltrates into tumor tissues signifies control of carcinogenesis, ameliorates pro-
inflammatory signals and is associated with improved outcome.

In human tumors developing in a non-inflammatory milieu, immune cells are recruited to
the tumor site to: (a) provide factors supporting tumor growth and (b) exert anti-tumor
functions. This recruitment and activation of immune effector cells to these tumor-
associated inflammatory sites always includes Treg. The tumor now proceeds to block
functions of accumulating anti-tumor effector cells and instigates a massive conversion of
Tconv into iTreg with powerful and varied suppressive capabilities. iTreg are resistant to
apoptosis, accumulate and promote tumor escape. Their numbers increase as tumor
progresses, and they could serve as surrogate markers of poor outcome.

In the scenario presented in this review, Treg play a double role of protecting the host and
protecting the tumor. However, the latter function is conferred on them by the tumor. Thus,
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in cancer, iTreg are directed to down-regulate immune responses against the tumor to enable
its progression. These iTreg are a distinct subset of regulatory cells that phenotypically and
functionally differ from FOXP3+ nTreg normally in charge of peripheral tolerance. These
iTreg need to be depleted or disabled in cancer patients, especially in patients to be treated
with immunotherapy. In contrast, depletion of FOXP3+ nTreg probably should be avoided.
For oncologic therapies, this may be a difficult and complex challenge, and additional
knowledge of cellular and molecular mechanisms underlying interactions of iTreg and nTreg
within the tumor microenvironment will be necessary for future success.
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TGF-β transforming growth factor beta

nTreg natural regulatory T cells

iTreg inducible regulatory T cells

PGE2 prostaglandin E2

COX2 cyclooxygenase 2

TIL tumor infiltrating lymphocytes

CTL cytotoxic T lymphocytes

NK cells natural killer cells

DC dendritic cells

FOXP3 forkhead box p3

CTLA-4 cytotoxic T lymphocyte antigen-4

PD-1 programmed cell death-1

GITR glucocorticoid-induced tumor necrosis factor receptor

ATP adenosine triphosphate

cAMP cyclic adenosine monophosphate

CRT chemoradiotherapy

CRC colorectal cancer

HNSCC head and neck squamous cell carcinoma

EBV Epstein Barr Virus

CFSE carboxyfluorescein diacetate succinimidyl ester

IHC immunohistochemistry

References
[1]. Eggremont AM. Immunostimulation versus immunosuppression after multiple vaccinations: the

woes of therapeutic vaccine development. Clin Cancer Res. 2009; 15:6745–47. [PubMed:
19903779]

[2]. Alpizar YA, Chain B, Collins MK, Greenwood J, Katz D, Stauss HJ, et al. Ten years of progress
in vaccination against cnacer: the need to counteract cancer evasion by dual targeting in future
therapies. Cancer Immunol Immunother. 2011; 60:1127–35. [PubMed: 21479639]

Whiteside Page 11

Semin Cancer Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[3]. Tatsumi T, Kierstead LS, Ranieri E, Gesualdo L, Schena FP, Finke JH, et al. Disease-associated
bias in T helper type 1 (Th1)/Th2 CD4(+) T cell responses against MAGE-6 in HLA-
DRB10401(+) patients with renal cell carcinoma or melanoma. J Exp Med. 2002; 196:619–28.
[PubMed: 12208877]

[4]. Campoli M, Ferrone S. HLA antigen changes in malignant cells: epigenetic mechanisms and
biologic significance. Oncogene. 2008; 27:5869–85. [PubMed: 18836468]

[5]. Frey AB, Monu N. Signaling defects in anti-tumor T cells. Immunol Rev. 2008; 222:192–05.
[PubMed: 18364003]

[6]. Hoskin DW, Mader JS, Furlong SJ, Conrad DM, Blay J. Inhibition of T cell and natural killer cell
function by adenosine and its contribution to immune evasion by tumor cells (Review). Int J
Oncol. 2008; 32:527–35. [PubMed: 18292929]

[7]. Blay J, White TD, Hoskin DW. The extracellular fluid of solid carcinomas contains
immunosuppressive concentrations of adenosine. Cancer Res. 1997; 57:2602–05. [PubMed:
9205063]

[8]. Sitarz R, Leguit RJ, de Leng WW, Morsink FH, Polkowski WP, Maciejewski R, et al.
Cyclooxygenase-2 mediated regulation of E-cadherin occurs in conventional but not early-onset
gastric cancer cell lines. Cell Oncol. 2009; 31:475–85. [PubMed: 19940363]

[9]. Wang D, Dubois RN. Eicosanoids and cancer. Nat Rev Cancer. 2010; 10:181–93. [PubMed:
20168319]

[10]. Zhang Y, Liu Q, Zhang M, Yu Y, Liu X, Cao X. Fas signal promotes lung cancer growth by
recruiting myeloid-derived suppressor cells via cancer cell-derived PGE2. J Immunol. 2009;
182:3801–08. [PubMed: 19265159]

[11]. Chen WJ, Konkel JE. TGF-β and “adaptive” FOXP3+ regulatory T cells. J Mol Cell Biol. 2010;
2:30–6. [PubMed: 19648226]

[12]. Sa G, Das T, Moon C, Hilston CM, Rayman PA, Rini BI, et al. GD3, an overexpressed tumor-
derived ganglioside, mediates the apoptosis of activated but not resting T cells. Cancer Res.
2009; 69:3095–3104. [PubMed: 19276353]

[13]. Gabrilovich D, Ishida T, Oyama T, Ran S, Kravtsov V, Nadaf S, et al. Vascular endothelial
growth factor inhibits the development of dendritic cells and dramatically affects the
differentiation of multiple hematopoietic lineages in vivo. Blood. 1998; 92:4150–66. [PubMed:
9834220]

[14]. Doubrovina ES, Doubrovin MM, Vider E, Sisson RB, O’Reilly RJ, Dupont B, et al. Evasion
from NK cell immunity by MHC class I chain-related molecules expressing colon
adenocarcinoma. J Immunol. 2003; 171:6891–99. [PubMed: 14662896]

[15]. Kim R, Emi M, Tanabe K, Arihiro K. Tumor-driven evolution of immunosuppressive networks
during malignant progression. Cancer Res. 2006; 66:5527–36. [PubMed: 16740684]

[16]. Whiteside TL. Immune responses to malignancies. J Allergy Clin Immunol. 2010; 125:S272–
S283. [PubMed: 20061007]

[17]. Whiteside TL. The role of immune cells in the tumor microenvironment. Cancer Treat Res. 2006;
130:103–24. [PubMed: 16610705]

[18]. Poschke I, Mougiakakos D, Kiessling R. Camouflage and sabotage: tumor escape from the
immune system. Cancer Immunol Immunother. 2011; 60:1161–71. [PubMed: 21626032]

[19]. Reichert TE, Strauss L, Wagner EM, Gooding W, Whiteside TL. Signaling abnormalities and
reduced proliferation of circulating and tumor-infiltrating lymphocytes in patients with oral
carcinoma. Clin Cancer Res. 2002; 8:3137–45. [PubMed: 12374681]

[20]. Ferrone S, Whiteside TL. Tumor microenvironment and immune escape. Surg Oncol Clin North
AM. 2007; 16:755–74.

[21]. Whiteside TL. The tumor microenvironment and its role in promoting tumor growth. Oncogene.
2008; 27:5904–12. [PubMed: 18836471]

[22]. Uppaluri R, Dunn GP, Lewis JS Jr. Focus on TILs: prognostic significance of tumor infiltrating
lymphocytes in head and neck cancers. Cancer Immunol. 2008; 8:16.

[23]. Imai N, Ikeda H, Tawara I, Shiku H. Tumor progression inhibits the induction of
multifunctionality in adoptively transferred tumor-specific CD8+ T cells. Eur J Immunol. 2009;
39:241–53. [PubMed: 19089817]

Whiteside Page 12

Semin Cancer Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[24]. Oble DA, Loewe R, Yu P, Mihm MC Jr. Focus on TILs: prognostic significance of tumor
infiltrating lymphocytes in human melanoma. Cancer Immunol. 2009; 9:3.

[25]. Strauss L, Bergmann C, Szczepanski M, Gooding W, Johnson JT, Whiteside TL. A unique subset
of CD4+CD25highFoxp3+ T cells secreting IL-10 and TGF-β1 mediates suppression in the tumor
microenvironment. Clin Cancer Res. 2007; 13:4345–54. [PubMed: 17671115]

[26]. Strauss L, Bergmann C, Gooding W, Johnson JT, Whiteside TL. The frequency and suppressor
function of CD4+CD25highFoxp3+ T cells in the circulation of patients with squamous cell
carcinoma of the head and neck. Clin Cancer Res. 2007; 13:6301–11. [PubMed: 17975141]

[27]. Nishikawa H, Sakaguchi S. Regulatory T cells in tumor immunity. Int J Cancer. 2010; 127:759–
67. [PubMed: 20518016]

[28]. Mougiakakos D, Choudhury A, Lladser A, Kiessling R, Johansson CC. Regulatory T cells in
cancer. Adv Cancer Res. 2010; 107:57–117. [PubMed: 20399961]

[29]. Bergmann C, Strauss L, Wang Y, Szczepanski MJ, Lang S, Johnson JT, et al. T regulatory type 1
cells (Tr1) in squamous cell carcinoma of the head and neck: mechanisms of suppression and
expansion in advanced disease. Clin Cancer Res. 2008; 14:3706–15. [PubMed: 18559587]

[30]. Petersen RP, Campa MJ, Sperlazza J, Conlon D, Joshi MB, Harpole DH Jr, et al. Tumor
infiltrating Foxp3+ regulatory T-cells are associated with recurrence in pathologic stage I
NSCLC patients. Cancer. 2006; 107:2866–72. [PubMed: 17099880]

[31]. Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, et al. Specific recruitment of
regulatory T cells in ovarian carcinoma fosters immune privilege and predicts reduced survival.
Nat Med. 2004; 10:942–49. [PubMed: 15322536]

[32]. Bates GJ, Fox SB, Han C, Leek RD, Garcia JF, Harris AL, et al. Quantification of regulatory T
cells enables the identification of high-risk breast cancer patients and those at risk of late relapse.
J Clin Oncol. 2006; 24:5373–80. [PubMed: 17135638]

[33]. Perrone G, Ruffini PA, Catalano V, Spino C, Santini D, Muretto P, et al. Intratumoural FOXP3-
positive regulatory T cells are associated with adverse prognosis in radically resected gastric
cancer. Eur J Cancer. 2008; 44:1875–82. [PubMed: 18617393]

[34]. Bohling SD, Allison KH. Immunosuppressive regulatory T cells are associated with aggressive
breast cancer phenotypes: a potential therapeutic target. Mod Pathol. 2008; 21:1527–32.
[PubMed: 18820666]

[35]. Czystowska M, Strauss L, Bergmann C, Szajnik M, Rabinowich H, Whiteside TL. Reciprocal
granzyme/perforin-mediated death of human regulatory and responder T cells is regulated by
interleukin-2 (IL-2). J Mol Med. 2010; 88:577–88. [PubMed: 20225066]

[36]. Strauss L, Bergmann C, Whiteside TL. Human circulating CD4+CD25highFoxp3+ Treg kill
autologous CD8+ but not CD4+ responder cells by Fas-mediated apoptosis. J Immunol. 2009;
182:1469–80. [PubMed: 19155494]

[37]. Shevach EM. Mechanisms of Foxp3+ T regulatory cell-mediated suppression. Immunity. 2009;
30:636–45. [PubMed: 19464986]

[38]. Sitkovsky MV, Kjaergaard J, Lukashev D, Ohta A. Hypoxia-adenosinergic immunosuppression:
tumor protection by T regulatory cells and cancerous tissue hypoxia. Clin Cancer Res. 2008;
14:5947–52. [PubMed: 18829471]

[39]. Raimondi G, Turner MS, Thomson AW, Morel PA. Naturally occurring regulatory T cells: recent
insights in health and disease. Crit Rev Immunol. 2007; 27:61–95. [PubMed: 17430097]

[40]. Jonuleit H, Schmitt E, Stassen M, Tuehenberg A, Knop J, Enk AH. Identification and functional
characterization of human CD4(+)CD25(+) T cells with regulatory properties isolated from
peripheral blood. J Exp Med. 2001; 193:1285–94. [PubMed: 11390435]

[41]. Roncarolo MG, Bacchetta R, Bordignon C, Narula S, Levings MK. Type 1 T regulatory cells.
Immunol Rev. 2001; 182:68–79. [PubMed: 11722624]

[42]. Bergmann C, Strauss L, Zeidler R, Lang S, Whiteside TL. Expansion of human T regulatory type
1 cells in the microenvironment of cyclooxygenase 2 overexpressing head and neck squamous
cell carcinoma. Cancer Res. 2007; 67:8865–73. [PubMed: 17875728]

[43]. Roncarolo MG, Gregori S, Battaglia M, Bacchetta R, Fleischhauer K, Levings MK.
Interleukin-10 secreting type 1 regulatory T cells in rodents and humans. Immunol Rev. 2006;
212:28–50. [PubMed: 16903904]

Whiteside Page 13

Semin Cancer Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[44]. Hori S, Sakaguchi S. Foxp3: a critical regulator of the development and function of regulatory T
cells. Microbes Infect. 2004; 6:745–51. [PubMed: 15207821]

[45]. Haxhinasto S, Mathis D, Benoist C. The Akt-mTOR axis regulates denovo differentiation of
CD4+FOXP3+ cells. J Exp Med. 2008; 205:565–74. [PubMed: 18283119]

[46]. Roncarolo MG, Gregori S, Roncarolo MG, Gregori S. Is FOXP3 a bona fide marker for human
regulatory T cells? Eur J Immunol. 2008; 38(4):925–7. [PubMed: 18395862]

[47]. Strauss L, Bergmann C, Whiteside TL. Functional and phenotypic characteristics of
CD4+CD25highFoxp3+ Treg clones obtained from peripheral blood of patients with cancer. Int J
Cancer. 2007; 121:2473–83. [PubMed: 17691114]

[48]. Fife BT, Bluestone JA. Control of peripheral T-cell tolerance and autoimmunity via the CTLA-4
and PD-1 pathways. Immunol Rev. 2008; 224:166–82. [PubMed: 18759926]

[49]. Franceschini D, Paroli M, Francavilla V, Videtta M, Marrone S, Labbadia G, et al. PD-L1
negatively regulates CD4+CD25+Foxp3+ Tregs by limiting STAT-5 phosphorylation in patients
chronically infected with HCV. J Clin Invest. 2009; 119:551–64. [PubMed: 19229109]

[50]. Strauss L, Bergmann C, Szczepanski MJ, Lang S, Kirkwood JM, Whiteside TL. Expression of
ICOS on human melanoma-infiltrating CD4+CD25highFoxp3+ T regulatory cells: implications
and impact on tumor-mediated immune suppression. J Immunol. 2008; 180:2967–80. [PubMed:
18292519]

[51]. Gobert M, Treilleux I, Bendriss-Vermare N, Bachelot T, Goddard-Leon S, Arfi V, et al.
Regulatory T cells recruited through CCL22/CCR4 are selectively activated in lymphoid
infiltrates surrounding primary breast tumors and lead to an adverse clinical outcome. Cancer
Res. 2009; 69:2000–9. [PubMed: 19244125]

[52]. Kleinewietfeld M, Puentes F, Borsellino G, Battistini L, Rotzschke O, Falk K. CCR6 expression
defines regulatory effector/memory-like cells within the CD25(+)CD4+ T-cell subset. Blood.
2005; 105:2877–86. [PubMed: 15613550]

[53]. Menning A, Hopken UE, Siegmund K, Lipp M, Hamann A, Huehn J. Distinctive role of CCR7 in
migration and functional activity of naive- and effector/memory-like Treg subsets. Eur J
Immunol. 2007; 37:1575–83. [PubMed: 17474155]

[54]. McHugh RS, Whitters MJ, Piccirillo CA, Young DA, Shevach EM, Collins M, et al.
CD4(+)CD25(+) immunoregulatory T cells: gene expression analysis reveals a functional role for
the glucocorticoid-induced TNF receptor. Immunity. 2002; 16:311–23. [PubMed: 11869690]

[55]. Ermann J, Fathman CG. Costimulatory signals controlling regulatory T cells. Proc Natl Acad Sci
U S A. 2003; 100:15292–3. [PubMed: 14676329]

[56]. Elkord E, Sharma S, Burt DJ, Hawkins RE. Expanded subpopulation of Foxp3+ T regulatory
cells in renal cell carcinoma co-express Helios, indicating they could be derived from natural but
not induced Tregs. Clin Immunol. 2011; 140:218–22. [PubMed: 21570917]

[57]. Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, Zhu S, et al. CD127 expression inversely
correlates with FoxP3 and suppressive function of human CD4+ T reg cells. J Exp Med. 2006;
203:1701–11. [PubMed: 16818678]

[58]. Kleinewietfeld M, Starke M, Di Mitri D, Borsellino G, Battistini L, Rotzschke O, et al. CD49d
provides access to “untouched” human Foxp3+ Treg free of contaminating effector cells. Blood.
2009; 113:827–36. [PubMed: 18941119]

[59]. Peters JH, Preijers FW, Woestenenk R, Hilbrands LB, Koenen HJ, Joosten I. Clinical grade Treg:
GMP isolation, improvement of purity by CD127 Depletion, Treg expansion, and Treg
cryopreservation. PLoS ONE. 2008; 3:e3161. [PubMed: 18776930]

[60]. Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, et al. Adenosine generation
catalyzed by CD39 and CD73 expressed on regulatory T cells mediates immune suppression. J
Exp Med. 2007; 204:1257–65. [PubMed: 17502665]

[61]. Borsellino G, Kleinewietfeld M, DiMitri D, Sternjak A, Diamantini A, Giometto R, et al.
Expression of ectonucleotidase CD39 by Foxp3+ Treg cells: hydrolysis of extracellular ATP and
immune suppression. Blood. 2007; 110:1225–32. [PubMed: 17449799]

[62]. Mandapathil M, Lang S, Gorelik E, Whiteside TL. Isolation of functional human regulatory T
cells (Treg) from the peripheral blood based on the CD39 expression. J Immunol Meth. 2009;
346:55–63.

Whiteside Page 14

Semin Cancer Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[63]. Bynoe MS, Viret C. Foxp3+CD4+ T cell-mediated immunosuppression involves extracellular
nucleotide catabolism. Trends Immunol. 2008; 29:99–102. [PubMed: 18258482]

[64]. Dwyer KM, Hanidziar D, Putheti P, Hill PA, Pommey S, McRae JL, et al. Expression of CD39
by human peripheral blood CD4+ CD25+ T cells denotes a regulatory memory phenotype. Am J
Transplant. 2010; 10:2410–20. [PubMed: 20977632]

[65]. Clayton A, Al-Taei S, Webber J, Mason MD, Tabi Z. Cancer exosomes express CD39 and CD73,
which suppress T cells through adenosine production. J Immunol. 2011; 187:676–83. [PubMed:
21677139]

[66]. Mandapathil M, Szczepanski MJ, Szajnik M, Ren J, Jackson EK, Johnson JT, et al. Adenosine
and prostaglandin E2 cooperate in the suppression of immune responses mediated by adaptive
regulatory T cells. J Biol Chem. 2010; 285:27571–80. [PubMed: 20558731]

[67]. Mandapathil M, Hilldorfer B, Szczepanski MJ, Czystowska M, Szajnik M, Ren J, et al.
Generation and accumulation of immunosuppressive adenosine by human
CD4+CD25highFOXP3+ regulatory T cells (Treg). J Biol Chem. 2010; 285:7176–86. [PubMed:
19858205]

[68]. Dwyer KM, Deaglio S, Gao W, Friedman D, Strom TB, Robson SC. CD39 and control of
cellular immune responses. Purinergic Signal. 2007; 3:171–80. [PubMed: 18404431]

[69]. Schuler PJ, Harasymczuk M, Schilling B, Lang S, Whiteside TL. Separation of human
CD4(+)CD39(+) T cells by magnetic beads reveals two phenotypically and functionally different
subsets. J Immunol Meth. 2011; 369:59–68.

[70]. Moncrieffe H, Nistala K, Kamhieh Y, Evans J, Eddaoudi A, Eaton S, et al. High expression of
the ectonucleotidase CD39 on T cells from the inflamed site identifies two distinct populations,
one regulatory and one memory T cell population. J Immunol. 2010; 185:134–43. [PubMed:
20498355]

[71]. Zarek PE, Powell JP. Adenosine and anergy. Autoimmunity. 2007; 40:425–32. [PubMed:
17729036]

[72]. Schenk U, Frascoli M, Proietti M, Geffers R, Traggiai E, Buer J, et al. ATP inhibits the
generation and function of regulatory T cells through the activation of purinergic P2X receptors.
Sci Signal. 2011; 4:ra12. [PubMed: 21364186]

[73]. Schmidt A, Oberle N, Weis EM, Vobis D, Frischbutter S, Baumgrass R, et al. Human regulatory
T cells rapidly suppress T cell-receptor-induced Ca2+, NF-κB, and NFAT signaling in
conventional T cells. Sci Signal. 2011; 4:ra 90.

[74]. Sojka DK, Huang YH, Fowell DJ. Mechanisms of regulatory T-cell suppression – a diverse
arsenal for a moving target. Immunol. 2008; 124:13–22.

[75]. Wang J, Ioan-Facsinay A, van der Voort EI, Huizinga TW, Toes RE. Transient expression of
Foxp3 in human activated nonregulatory CD4+ T cells. Eur J Immunol. 2007; 37:129–38.
[PubMed: 17154262]

[76]. Karanikas V, Speletas M, Zamanakou M, Kalala F, Loules G, Kerenidi T, et al. Foxp3 expression
in human cancer cells. J Transl Med. 2008; 6:19. [PubMed: 18430198]

[77]. Bindea G, Mlecnik B, Fridman WH, Galon J. The prognostic impact of anti-cancer immune
response: a novel classification of cancer patients. Semin Immunopathol. 2011; 33:335–40.
[PubMed: 21461991]

[78]. Toker A, Huehn J. To be or not to be a Treg cell: lineage decisions controlled by epigenetic
mechanisms. Sci Signal. 2011; 4:pe4. [PubMed: 21285410]

[79]. Schulze Zur Wiesch J, Thomssen A, Hartjen P, Toth I, Lehmann C, et al. Comprehensive
analysis of frequency and phenotype of T regulatory cells in HIV infection: CD39 expression of
FOXP3+ Tregulatory cells correlates with progressive disease. J Virol. 2011; 85:1287–97.
[PubMed: 21047964]

[80]. Lin WW, Karin M. A cytokine-mediated link between innate immunity, inflammation, and
cancer. J Clin Invest. 2007; 117:1175–83. [PubMed: 17476347]

[81]. Ruffell B, DeNardo DG, Affara NI, Coussens LM. Lymphocytes in cancer development:
polarization towards pro-tumor immunity. Cytokine Growth Factor Rev. 2010; 21:3–10.
[PubMed: 20005150]

Whiteside Page 15

Semin Cancer Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[82]. Ma Y, Kepp O, Ghiringhelli F, Apetoh L, Aymeric L, Locher C, et al. Chemotherapy and
radiotherapy: cryptic anticancer vaccines. Semin Immunol. 2010; 22:113–24. [PubMed:
20403709]

[83]. Salama P, Phillips M, Grieu F, Morris M, Zeps N, Joseph D, et al. Tumor-infiltrating FOXP3+ T
regulatory cells show strong prognostic significance in colorectal cancer. J Clin Oncol. 2009;
27:186–92. [PubMed: 19064967]

84]. Frey DM, Droeser RA, Viehl CT, Zlobec I, Lugli A, Zingg U, et al. High frequency of tumor-
infiltrating FOXP3(+) regulatory T cells predicts improved survival in mismatched repair-
proficient colorectal cancer patients. Int J Cancer. 2010; 126:2635–43. [PubMed: 19856313]

[85]. Badoual C, Hans S, Rodriquez J, Peyrard S, Klein C, Nel H Agueznay, et al. Prognostic value of
tumor-infiltrating CD4+ T-cell subpopulations in head and neck cancers. Clin Cancer Res. 2006;
12:465–72. [PubMed: 16428488]

[86]. Ladoire S, Martin F, Ghiringhelli F. Prognostic role of FOXP3+ regulatory T cells infiltrating
human carcinomas: the paradox of colorectal cancer. Cancer Immunol Immunother. 2011;
60:909–18. [PubMed: 21644034]

[87]. Kryczek I, Liu R, Wang G, Wu K, Shu X, Szeliga W, et al. FOXP3 defines regulatory T cells in
human tumor and autoimmune disease. Cancer Res. 2009; 69:3995–4000. [PubMed: 19383912]

[88]. Bromberg J, Wang TC. Inflammation and cancer: IL-6 and STAT3 complete the link. Cancer
Cell. 2009; 15:79–80. [PubMed: 19185839]

[89]. Wu S, Rhee KJ, Albesiano E, Rabizadeh S, Wu X, Yen HR, et al. A human colonic commensal
promotes colon tumorigenesis via activation of T helper type 17 T cell responses. Nat Med.
2009; 15:1016–22. [PubMed: 19701202]

[90]. Erdman SE, Poutahidis T. Cancer inflammation and regulatory T cells. Int J Cancer. 2010;
127:768–79. [PubMed: 20518013]

[91]. Lan Q, Fan H, Quesniaux V, Ryffel B, Liu Z, Zhen SG. Induced Foxp3+ regulatory T cells: a
potential new weapon to treat autoimmune and inflammatory diseases? J Mol Cell Biol. 2012;
4:22–8. [PubMed: 22107826]

[92]. Mahmoud SM, Paish EC, Powe DG, Macmillan RD, Grainge MJ, Lee AH, et al. Tumor-
infiltrating CD8+ lymphocytes predict clinical outcome in breast cancer. J Clin Oncol. 2011;
29:1949–55. [PubMed: 21483002]

[93]. Fridman WH, Galon J, Pages F, Tartour E, Sautes-Fridman C, Kroemer G. Prognostic and
predictive impact of intra- and peritumoral immune infiltrates. Cancer Res. 2011; 71:5601–5.
[PubMed: 21846822]

[94]. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages C, et al. Type,
density, and location of immune cells within human colorectal tumors predict clinical outcome.
Science. 2006; 313:1960–64. [PubMed: 17008531]

[95]. Pages F, Berger A, Camus M, Sanchez-Cabo F, Costes A, Molidor R, et al. Effector memory T
cells, early metastasis, and survival in colorectal cancer. N Engl J Med. 2005; 353:2654–66.
[PubMed: 16371631]

[96]. Sato E, Olson SH, Ahn J, Bundy B, Nishikawa H, Qian F, et al. Intraepithelial CD8+ tumor-
infiltrating lymphocytes and a high CD8+/regulatory T cell ratio are associated with favorable
prognosis in ovarian cancer. Proc Natl Acad Sci U S A. 2005; 102:18538–43. [PubMed:
16344461]

[97]. Xia D, Wang D, Kim SH, Katoh H, Dubois RN. Prostaglandin E(2) promotes intestinal tumor
growth via DNA methylation. Nat Med. 2012; 18:224–6. [PubMed: 22270723]

[98]. Kryczek I, Banerjee M, Cheng P, Vatan L, Szeliga W, Wei S, et al. Phenotype, distribution,
generation, and functional and clinical relevance of Th17 cells in the human tumor environments.
Blood. 2009; 114:1141–9. [PubMed: 19470694]

[99]. Mills KHG. Induction, function and regulation of IL-17 producing T cells. Eur J Immunol. 2008;
38:2636–49. [PubMed: 18958872]

[100]. Tosolini M, Kirilovsky A, Miecnik B, Fredriksen T, Mauger S, Bindea G, et al. Clinical impact
of different classes of infiltrating T cytotoxic and helper cells (Th1, th2, treg, th17) in patients
with colorectal cancer. Cancer Res. 2011; 71:1263–71. [PubMed: 21303976]

Whiteside Page 16

Semin Cancer Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[101]. Whiteside TL. Immunobiology of head and neck cancer. Cancer Metastasis Rev. 2005; 24:95–
105. [PubMed: 15785875]

[102]. Hooper SJ, Wilson MJ, Crean SJ. Exploring the link between microorganisms and oral cancer: a
systematic review of the literature. Head Neck. 2009; 31:1228–39. [PubMed: 19475550]

[103]. Kesselring R, Thiel A, Pries R, Trenkle T, Wollenberg B. Human Th17 cells can be induced
through head and neck cancer and have a functional impact on HNSCC development. Br J
Cancer. 2010; 103:1245–54. [PubMed: 20877351]

[104]. Mandapathil M, Szczepanski MJ, Szajnik M, Ren J, Lenzner DE, Jackson EK, et al. Increased
ectonucleotidase expression and activity in Treg of patients with head and neck cancer. Clin
Cancer Res. 2009; 15:6348–57. [PubMed: 19825957]

[105]. Zhang YL, Li J, Mo HY, Qiu F, Zheng LM, Qian CN, et al. Different subsets of tumor
infiltrating lymphocytes correlate with NPC progression in different ways. Mol Cancer. 2010;
9:4. [PubMed: 20064222]

[106]. Perez SA, Karamouzis MV, Skarlos DV, Ardavanis A, Sotiriadou NN, Iliopoulou EG, et al.
CD4+CD25+ regulatory T-cell frequency in HER-2/neu (HER)-positive and HER-negative
advanced-stage breast cancer patients. Clin Cancer Res. 2007; 13:2714–21. [PubMed: 17473204]

[107]. Audia S, Nicolas A, Cathelin D, Larmonier N, Ferrand C, Foucher P, et al. Increase of
CD4+CD25+ regulatory T cells in the peripheral blood of patients with metastatic carcinoma: a
Phase I clinical trial using cyclophosphamide and immunotherapy to eliminate CD4+CD25+ T
lymphocytes. Clin Exp Immunol. 2007; 150:523–30. [PubMed: 17956583]

[108]. Rech AJ, Mick R, Kaplan DE, Chang KM, Domchek SM, Vanderheide RH. Homeostasis of
peripheral FOXP3+CD4+ regulatory T cells in patients with early and late stage breast cancer.
Cancer Immunol Immunother. 2010; 59:599–607. [PubMed: 19855964]

[109]. Mahmoud SM, Paish EC, Powe DG, Macmillan RD, Lee AH, Ellis IO, et al. An evaluation of
the clinical significance of FOXP3+ infiltrating cells in human breast cancer. Breast Cancer Res
Treat. 2011; 127:99–108. [PubMed: 20556505]

[110]. Jacobs JF, Nierkens S, Figdor CG, de Vries IJ, Adema GJ. Regulatory T cells in melanoma: the
final hurdle towards effective immunotherapy? Lancet Oncol. 2012; 13:e32–42. [PubMed:
22225723]

[111]. Ercolini AM, Ladle BH, Manning EA, Pfannenstiel LW, Armstrong TD, et al. Recruitment of
latent pools of high-avidity CD8(+) T cells to the antitumor immune response. J Exp Med. 2005;
201:1591–1602. [PubMed: 15883172]

[112]. Audia SA, Nicolas D, Cathelin N, Larmonier C, Ferrand P, et al. Increase of CD4+ CD25+
regulatory T cells in the peripheral blood of patients with metastatic carcinoma: a Phase I clinical
trial using cyclophosphamide and immunotherapy to eliminate CD4+ CD25+ T lymphocytes.
Clin Exp Immunol. 2007; 150:523–530. [PubMed: 17956583]

[113]. Ghiringhelli F, Menard C, Puig PE, Ladoire S, Roux S, Martin F, Solary E, Le Cesne A,
Zitvogel L, Chauffert B. Metronomic cyclophosphamide regimen selectively depletes
CD4+CD25+ regulatory T cells and restores T and NK effector functions in end stage cancer
patients. Cancer Immunol Immunother. 2007; 56:641–648. [PubMed: 16960692]

[114]. Rech AJ, Vonderheide RH. Clinical use of anti-CD25 antibody daclizumab to enhance immune
responses to tumor antigen vaccination by targeting regulatory T cells. Ann N Y Acad Sci. 2009;
1174:99–106. [PubMed: 19769742]

[115]. Hobeika AC, Morse MA, Osada T, Peplinski S, Lyerly HK, Clay TM. Depletion of human
regulatory T cells. Meth Mol Biol. 2011; 707:219–31.

[116]. Finke JH, Rini B, Ireland J, Rayman P, Richmond A, Golshayan A, et al. Sunitinib reverses
type-1 immune suppression and decreases T-regulatory cells in renal cell carcinoma patients.
Clin Cancer Res. 2008; 14:6674–82. [PubMed: 18927310]

[117]. de Vries IJ, Castelli C, Huygens C, Jacobs JF, Stockis J, Schuler-Thurner B, et al. Frequency of
circulating Tregs with demethylated FOXP3 intron 1 in melanoma patients receiving tumor
vaccines and potentially Treg-depleting agents. Clin Cancer Res. 2011; 17:841–8. [PubMed:
21177412]

Whiteside Page 17

Semin Cancer Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[118]. Whiteside TL, Mandapathil M, Schuler P. The Role of the Adenosinergic pathway in
immunosuppression mediated by human regulatory T cells (Treg). Curr Medicinal Chem. 2011;
18:5217–23.

Whiteside Page 18

Semin Cancer Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


