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Abstract
Introduction—Evidence suggests that FOXP3+CD25highCD4+ regulatory T cells (Treg) which
accumulate in cancer may have beneficial or unfavorable effects on prognosis. The presence in
tumor-associated inflammatory infiltrates of two subsets of Treg with distinct phenotypic and
functional profiles might explain these conflicting observations.

Areas covered—Human inducible (i) Treg arising by tumor-driven conversion of conventional
CD4+ T cells are highly suppressive, therapy-resistant Treg which down-regulate anti-tumor
immune responses, promoting tumor growth. Natural (n) Treg, normally responsible for
maintaining peripheral tolerance, control cancer-associated inflammation, which favors tumor
progression. This division of labor between nTreg and iTreg is not absolute, and overlap may be
common. Nevertheless, iTreg play a critical and major role in cancer and cancer therapy. The
tumor microenvironment determines the type, frequency and suppression levels of accumulating
Treg.

Expert opinion—In cancer, a selective removal or silencing of iTreg and not of nTreg should be
a therapeutic goal. However, the implementation of this challenging strategy requires further
studies of cellular and molecular crosstalk among immune cells in the tumor microenvironment.

Keywords
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depletion; tumor microenvironment

1. Introduction
In the last decade, regulatory T cells (Treg) have become a focus of multiple studies, and
their importance in immune regulation has been extensively examined [1,2]. There is little
doubt that this small subset of CD4+ T cells plays a critical role in maintaining the immune
balance in health, and that disturbances in Treg are associated with various diseases. For
example, it is well established that Treg are essential for the control of autoimmune
responses [3,4], and that their accumulations in tissues or peripheral blood of patients with
cancer are responsible for suppression of anti-tumor immune effector Tcell functions [5].
However, the more information about Treg accumulates, the more difficult it is to define
their precise phenotypic and functional profiles and to sort out the mechanisms these cells
use to mediate suppression. It may be that the difficulties we are faced with are related to the
tremendous plasticity of CD4+ T cells in general [6] and of Treg in particular [7]. Current
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evidence suggests that environmental factors play a critical role in the generation, activation
and functions of Treg [7].

Attributes of Treg present in cancer patients and Treg significance in cancer progression
have been recently reviewed [1,5]. The picture that emerges is by no means clear, however.
Much of what we now know of Treg and their role in cancer comes from in vivo studies in
tumor-bearing mice. Indeed, the knowledge of surface markers, transcription factors and
molecular as well as cellular pathways engaged by Treg mediating immune suppression in
the tumor microenvironment is largely a result of in vivo analyses in various mouse models
of tumor progression or therapy-induced tumor regression. Not surprisingly, studies of
human Treg have been limited by considerable difficulties with their isolation from tumor
tissues or patients’ peripheral blood. Treg purification and functional characterization
require cell numbers that are difficult to routinely procure from cancer patients.
Nevertheless, as our expertise in characterizing the phenotype and functions of human Treg
grew, so did our insights into the complexity of their interactions with other immune and
non-immune cells. It is becoming evident that murine studies may not be adequately
informative about human Treg. This is because each human tumor creates its own unique
microenvironment and organizes its own immune milieu. Since the local tumor
microenvironment determines the role of Treg in human cancer, Treg found in an
environment dominated by immunosuppressive human tumors represent distinct populations
of Treg that acquire properties necessary for the control of immune interactions taking place
in situ.

The purpose of this review is to present evidence indicating that subsets of Treg present in
cancer are distinct from thymus-derived FOXP3+ natural (n) Treg responsible for
maintaining peripheral tolerance in healthy individuals. These tumor-induced suppressor
cells, called adaptive or inducible Treg (iTreg, Tr1) arise and differentiate in the periphery in
response to environmental signals, e.g., tumor-derived antigens, cytokines or other soluble
factors, and mediate powerful suppression of anti-tumor effector T cell (Teff) functions by a
variety of mechanisms [8,9]. Further, iTreg can assume functions that either favor tumor
growth by down-regulating activity of anti-tumor immune cells or inhibit tumor progression
by suppressing inflammation, which is thought to contribute to cancer development [10].
Therefore, the consequences of iTreg presence and activity in cancer and pre-cancerous
inflammatory lesions may be profound. Their depletion may or may not be beneficial to
cancer patients, depending on the environmental context.

2. Diversity of human Treg parallels that of Teff
It has been appreciated for sometime now that human CD4+ effector T cells (Teff) are
functionally heterogenous and can be categorized into several subsets based on transcription
factors they utilize for differentiation, cytokines they produce and pathogens they can
control [11]. While IFN-γ-producing T helper Type-1 (Th1) cells require Tbet transcription
factor for differentiation and removal of intracellular pathogens, IL-4-producing Th2 cells
express GATA-3 and handle large extracellular parasites. The transcription factors RORγt
and RORα are necessary for differentiation of Th17 cells which produce IL-17 and mediate
responses targeting extracellular bacteria and fungi. The IL-22-producing Th22 cells reside
in the skin and appear to be responsible for immune and inflammatory reactions at this
location [12–14]. Further, these various subsets of CD4+ Teff express different chemokine
receptors and presumably differentially migrate to distinct inflammatory sites [15]. Thus,
recent data clearly indicate that Teff represent not one but many different subsets of cells,
each responsible for a specific activity [11]. The question, therefore, arises as to how
functions of these various subsets of Teff are regulated by Treg. One possible option is that
like conventional Teff, Treg can also differentiate into specialized subsets equipped to
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control various types of immune responses. A recently performed phenotypic and functional
analysis of FOXP3+ Treg in the peripheral circulation of normal donors revealed the
presence of four distinct Treg subpopulations [14]. Largely based on the chemokine receptor
expression, expression of Th-associated transcription factors and a different cytokine profile
as well as a distinct ability to respond by proliferation to recall antigens, human Treg were
shown to possess a remarkable degree of specialization. A phenotypic and functional
concordance between different Teff and Treg subsets was demonstrated, so that Treg subsets
shared transcriptional and chemokine receptor profiles with Th subsets they regulated [14].
The discovery of this concordance implies that Treg specialize in their ability to control only
Teff subsets that they phenotypically mimic and that like CD4+ Th cells, Treg represent a
diverse population of lymphocytes [14].

Given this recently described and previously unappreciated degree of phenotypic and
functional diversity of human Treg in healthy donors, it becomes critical to ask whether this
division of labor is maintained in disease and whether Treg that expand and accumulate
under specific pathologic conditions are uniquely equipped to regulate immune responses in
situ. More relevant to the topic at hand is the question of whether Treg in the peripheral
circulation and at tumor sites of patients with cancer differ from those seen in healthy
donors. To address this issue, we are limited to proposing a simpler view of the Treg
diversity than that featured by Duhen and colleagues as described above [14]. At this time,
there is a conspicuous lack of evidence for phenotypic and functional concordance between
Treg and Teff subsets in cancer. Based on available insights and in part supported by our
data discussed below, it seems reasonable to assume that Treg circulating in the blood of
healthy donors largely represent thymus-derived nTreg responsible for maintaining
peripheral tolerance, while those present in cancer patients are enriched in adaptive or iTreg.
Although this paradigm might be simplistic, it allows for an initial discrimination between
Treg subsets in health and disease using the data accumulated so far.

3. Phenotypic characteristics of human Treg
Ever since nTreg have been first described in 1990s by Sakaguchi and colleagues [16] as a
subset of CD4+ T lymphocytes (about 5% of total CD4+ T cells) constitutively expressing
low affinity IL-2R alpha chain (CD25) and capable of inhibiting immune responses to self
and non-self antigens, the phenotypic characteristics of these cells have been debated. To
begin with, murine, and later human, nTreg were characterized by expression of FOXP3, a
transcription factor forkhead box p3, belonging to the forkhead/winged-helix family [17,18].
The development of Treg depends on FOXP3, and its expression is required for the ability
of CD4+ T-cell populations to mediate immune suppression by inhibiting proliferation and
IL-2 production in Teff [19]. The absence of FOXP3+ Treg was shown to result in
autoimmune disease [18,19]. In man, CD4+ Treg which suppressed proliferation of other T
lymphocytes in CFSE-based assays were also shown to express FOXP3 [20]. To date,
FOXP3 expression is considered a correlate of suppressor function, and FOXP3 remains in
use as the specific marker of Treg in man. However, evidence that FOXP3 is detectable by
flow cytometry or RT-PCR methods in other cells, including activated CD4+ T lymphocytes
and even some tumor cells [21–23], suggested a need for a more stringent examination of
FOXP3 expression in Treg. It was discovered that its stable expression in Treg depends on
the demethylation status of the foxp3 gene [24,25]. The relevant sequence of the foxp3 gene
is called “Treg-specific demethylated region” or TSDR. Sequencing is now available to
precisely discriminate Treg from activated non-Treg [25]. Nevertheless, intracellular
localization of FOXP3 in Treg makes it unsuitable for their isolation.

The IL-2 receptor alpha chain (CD25) has also been a commonly used marker for Treg
discrimination. CD25 is expressed on the cell surface and has been successfully used for
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Treg isolation from tissues and peripheral blood. However, only CD4+CD25high T cells are
considered as immuno-suppressive Treg [26], so that it is the level of CD25 expression and
not its presence that discriminates Treg from conventional T cells (Tconv). Because CD25 is
also expressed in activated CD4+ or CD8+ T cells which have no suppressive activity [27],
gating on CD4+CD25high T cells has to be used for Treg selection. Defining the cut-off level
for CD25high Treg is often arbitrary, and because of this, Treg discrimination based on the
mean fluorescence intensity of CD25 has not been entirely reliable. Other surface molecules
expressed on Treg have been considered as cell markers able to reliably identify Treg and
allow for their isolation 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) [28–31] are all expressed on human Treg, but neither is
specific for Treg. Similarly, the Treg-associated chemokine receptors CCR4 (CD194),
CCR6 (CD196), and CCR7 (CD197) are also found on other T cells [32–35]. While these
various surface markers cannot be used to distinguish or isolate Treg, their presence endows
Treg with special functions, which are important for Treg-mediated suppression. For
example, the chemokine receptors are critical for Treg migration [35]. GITR is a co-
stimulatory molecule involved in the regulation of Treg functions [36], including activation,
cytokine/chemokine production and migration [37]. A relatively new marker, HELIOS, an
Ikaros family transcription factor, is said to be present on nTreg but not on iTreg [38,39].
However, more recent data indicate that HELIOS may not be as reliable in discriminating
nTreg from iTreg as originally reported [40].

The absence from Treg surface of certain markers such as the IL-7-receptor, CD127, and an
integrin alpha subunit, CD49d, that are expressed on Tconv has been utilized for Treg
isolation from PBMC by negative selection [41–43]. Confirmatory expression of FOXP3
and/or CD25high in isolated CD4+ T cells identifies them as Treg [43]. However, this
method of Treg enrichment also does not provide a distinct cut-off in expression levels
between Treg and Tconv in flow cytometry, so that the gate setting for these markers is also
an arbitrary decision. Treg also lack CD45RA and are CD45RO+, i.e., they belong to the
memory lymphocyte subset. By ex vivo gating on CD4+CD45RO+CD25highCD127low Treg
and probing their chemokine and cytokine expression, Duhen et al. identified four distinct
Treg subsets which were analogous to the Th populations expressing the same chemokine
receptors and producing the same cytokines thus linking Th with Treg subsets [14].
Interestingly, most (90%) of the cells within each of these Treg subset were FOXP3+ and
CTLA-4+ and expressed HELIOS, potentially identifying them as nTreg [38,39].

Yet another surface marker, CD39, has been recently described in murine and human Treg
[41–46]. CD39 is an ectonucleotidase which hydrolyzes exogenous ATP to ADP and
5′AMP. Further hydrolysis of 5′AMP by another ectonucleotidase, CD73, yields adenosine,
a well known immunosuppressive factor [47]. CD39 was defined as a new functional
surface marker for human Treg, as it defines a subset of CD4+ T cells which mediate
suppression, at least in vitro [46,48]. Because of its stable surface expression on Treg, CD39
is suitable for positive selection of Treg from CD4+ T cells [46]. The absence of CD26, a
dipeptidyl peptidase IV, from the surface of CD39+ Treg can further facilitate their isolation
and purity by concomitant removal of CD4+CD26+ T cells, as we recently reported [49]. A
method for Treg isolation based on the depletion of CD4+CD26+ T cells has been published
by another group as well [50]. Importantly, CD26 is an anchor protein for adenosine
deaminase (ADA), an enzyme responsible for hydrolysis of adenosine to inosine [49]. Its
absence from the surface of CD39+ Treg might be an indication that Treg are resistant to
suppressive effects of adenosine and, as recently reported in mice, are dependent on
autocrine adenosine-mediated signals delivered via the A2AR binding for differentiation and
expansion [51]. While murine Treg express CD73 in addition to CD39 on the cell surface, in
human Treg, CD73 appears to be localized in the cytosol, and vigorous permeabilization is
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required to show its coexpression with CD39 in Treg (our unpublished data). In our hands,
CD39 and CD73 were coexpressed on the surface of iTreg [52]. We recently reported that
human Treg selected by surface expression of CD39 from PBMC of healthy donors 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+ Treg, perhaps serving as precursor cells
[53,54]. Similar data were reported by others [48,55]. These FOXP3neg “precursor cells” are
CD39+ and are capable of ATP-hydrolysis to AMP, which is an A1R agonist as recently
reported [56] and presumably delivers a pro-inflammatory signal to A1R+ T cells. While the
CD39+FOXP3+ subset can be operationally considered as suppressor cells, the role of both
these subsets in mediating immunosuppression remains unclear.

Attempts to separate human CD4+ T cells into subsets of nTreg, iTreg and Tcon cells based
on phenotypic markers have led to a considerable confusion. This is because these cells are
composed of different subsets, which acquire or loose markers depending on the state of
cellular differentiation and activation. To illustrate the problem, the following chart is
provided for CD4+ T-cell populations:

Tconv: CD45RA+/−CD25+/−FOXP3−CD39−CD73+/−CD26+

nTreg: CD45RA+/−CD25hiFOXP3hiCD39+CD73+/−CD26−

iTreg: CD45RA−CD25loCD122+FOXP3loCD39+CD73+CD26−

Because the expression of phenotypic markers changes as these Treg become activated, a
consistent phenotype for human Treg subsets cannot be defined at present. Nevertheless,
some of the markers may be helpful in discriminating iTreg from nTreg. For example,
intracytoplasmic expression of CD73 in CD39+ nTreg vs. its surface expression in iTreg
could help in discriminating these cells. The presence of CD26 on Tconv and its absence on
Treg may be useful. Still, the functional definition of suppression remains the only reliable
distinguishing factor for human Treg at this time.

4. Phenotypic characteristics of Treg in cancer
Treg obtained from tumor tissues or the peripheral circulation of cancer patients are in many
respects different from those found in the circulation of normal donors. Comparisons of the
phenotypes indicate that cancer patients’ Treg look more like in vitro generated Tr1 than
nTreg present in the blood of normal donors [57–59]. These comparisons were possible
because of the in vitro model for the generation of iTreg (also referred to as Tr1 cells) we
have established and described [59]. In this model, Tr1 cells are induced from
CD4+CD25neg T cells in the presence of autologous dendritic cells (DC), lethally irradiated
tumor cells and low doses of IL-2, IL-10 and IL-15 (Figure 1A). After a 10 day coculture,
the phenotypic and functional characteristics of outgrowing CD4+ T cells can be determined
and compared to those of Treg present in the blood of normal donors or patients with cancer
[58]. The differences we observed between Tr1 cells and Treg obtained from normal donors
were both qualitative (e.g., FOXP3 was not expressed in many Tr1 cells) and quantitative
(e.g., upregulation or down-regulation of the surface markers characteristic of nTreg). A
substantial proportion of CD39+ iTreg generated in vitro coexpressed surface CD73 as
shown in Figure 2. Further, CD39+ TIL isolated from human tumors were also CD73+ (our
unpublished data), suggesting that upregulation of CD73 expression occurs in the tumor
milieu. These data are consistent with reports that antigenic stimulation of mouse Treg
significantly upregulated CD73 expression and activity [60]. Low levels of FOXP3
expression in Tr1 corresponded to the down-regulation of CD25 (IL-2Rα) and upregulation
of CD123 (IL-2Rβ) and CD132 (IL-2Rγ) expression on their surface (Figure 1B). Tr1 cells
expanding in cocultures expressed IL-10 and mediated suppression of proliferation upon
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culture with autologous CSFE-labeled responder T cells (Figure 1C). Importantly,
circulating Treg of cancer patients were found to have the same characteristics, as we
previously reported [58,59] and as illustrated in Figure 3. In addition, we observed that
CD39 expression on the surface of CD4+CD39+ Treg in the circulation of patients with head
and neck squamous cell carcinoma (HNSCC) were significantly up-regulated relative to
CD4+CD39+ Treg in normal donors (our unpublished data). In aggregate, it appears that
Treg present in the peripheral blood and at tumor sites of cancer patients have phenotypic
characteristics resembling those seen in Tr1 cells generated in our cocultures (Figure 3).
Also, the phenotype of iTreg whether generated in cocultures or determined ex vivo in
PBMC obtained from cancer patients was distinct from that of nTreg in the circulation of
normal donors.

Our results suggest that iTreg (Tr1) may be the major suppressor cell subset present in the
cancer patients’ peripheral circulation and at tumor sites [58,61]. The two subsets of
regulatory cells, nTreg and iTreg, represent distinct lineages of CD4+ T cells, and since in
the tumor microenvironment rich in TGF-β as well as adenosine, iTreg differentiation
appears to be favored, they outnumber nTreg. They also acquire capabilities to suppress and
are characterized by high levels of suppressor functions. If iTreg are the major CD4+ cell
subset mediating suppression in cancer, their phenotypic and functional features are of
special interest. It is, therefore, critical to monitor not nTreg but iTreg in patients with
cancer, bearing in mind that these two Treg subsets have distinct phenotypic profiles.

5. Treg functions in cancer
The ability to mediate suppression of Tconv functions remains the key characteristic of
Treg. It is always more important, although more difficult, to measure suppressor function in
addition to phenotyping Treg. It is also important to remember that several different
molecular pathways responsible for suppression exist [62–65] and may or may not be
utilized by Treg present in cancer patients’ blood or tissues. Suppressor cell assays usually
measure inhibition of responder T-cell proliferation or cytokine production and involve
coculture of Treg with Tconv at different Treg/Tconv cell ratios. These cocultures require
large numbers of preferably freshly-harvested cells, which are often not available. More
recently, the proliferation inhibition assays have been replaced by flow cytometry-based
cytokine assays, which can be performed with relatively few cryopreserved and thawed
lymphocytes [66,67]. Assays for intracytoplasmic cytokine expression have been
successfully used as surrogate functional markers for iTreg in our laboratory [54]. For
example, the frequency of iTreg which use TGF-β or IL-10 for suppression and express
TGF-β-associated membrane-associated GARP (gar-pin) and LAP (latency-associated
peptide) has been measured by flow cytometry [54]. We have previously reported that, iTreg
generated in cocultures in the presence of COX-2+ tumor cells were COX-2+, produced
PGE2 and expressed CD73 on the cell surface [61]. This allowed for the discrimination of
Tr1 from IL-10+ and TGF-β+ Treg by flow cytometry [61]. With a greater emphasis on
establishing the phenotype of cells mediating suppression, new methods able to measure
aberrations in the T-cell receptor-induced Ca2+, NF-κB and NFAT signaling in Tconv have
been recently introduced, providing a broader repertoire of suppression assays that can be
used with human cells [68].

Treg obtained from human solid tumors or cancer patients’ blood, have significantly higher
suppressor functions than nTreg isolated from the blood of normal donors [58,69–71]. Using
CFSE-based suppression 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 [69].
The frequency and function of Treg in the tumor as well as the patients’ blood were
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significantly increased relative to values seen in the blood of age- and sex-matched normal
donors. 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 [58]. 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 [71].

In vitro generated iTreg and those isolated from human tumors not only mediate stronger
suppression than nTreg [70,71] but they also utilize a broader range of mechanisms to
induce suppression than nTreg [72]. In addition to IL-10 and/or TGF-β, iTreg can employ
the Fas/FasL or perforin/granzyme pathways as well as adenosine and PGE2 for suppression
[63,64,72]. Preliminary data suggest that subpopulations of iTreg might “specialize” in the
type of regulatory mechanisms they prefer to employ depending on the environmental
context. This functional heterogeneity of iTreg may account for difficulties in assigning to
them a definitive phenotype.

The origin of iTreg remains unclear, although they seem to arise by the conversion of Tconv
responding to signals generated in situ. In the tumor microenvironment, these are likely to
be tumor-derived signals, such as TGF-β or adenosine specifying immune suppression and
conversion of Tconv into Treg [54]. Adenosine is known to down-modulate functions of a
variety cell types signaling via adenosine receptors (A1, A2A, A2B, and A3) which are
differentially expressed on these various cells [73]. Human iTreg express mRNA for A2AR
aswell as A1 (our unpublished data). This suggests that in addition to their ability to produce
adenosine, iTreg could utilize adenosine binding via A2AR and A1R as well as 5′AMP
binding via A1R [56]. Although the precise nature of signals delivered via these adenosine
receptors to iTreg is unknown, and the mechanisms involved in iTreg differentiation have
not been defined, new data suggest that expansion of iTreg is promoted by agonists of A2A
receptors, including adenosine, as reported by Sitkovsky and colleagues [51]. Working in
mice, they observed that adenosine, which iTreg produce and use for inhibiton of pro-
inflammatory pathways, can also act as an autocrine growth-promoting factor and a
stimulator of Treg-mediated suppressor functions [51]. This finding further emphasizes the
key role of the adenosinergic pathway in iTreg generation, expansion and suppressor
functions in the tumor microenvironment.

CD39+ Treg are also involved in the hydrolysis of extracellular ATP, which accumulates in
inflammatory sites, thus disposing of an ATP excess and attenuating its toxic effects [74].
ATP could also serve as a recruiting signal for Treg, which express purinergic P2X7
receptors [74], and this mechanism might be in part responsible for Treg accumulations at
tumor sites. It is also interesting to note that 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 [75].

Together, these observations suggest that the presence of iTreg in cancer patients’ tissues
and blood has to be taken into account when measurements of Treg are planned, and looking
for CD4+FOXP3+ nTreg might greatly underestimate the frequency of suppressor cells. In
this respect, CD26, CD39, and CD73 expression on CD4+ Treg and enzymatic activities of
these proteins might be especially useful as markers of cancer-associated iTreg (Figure 4).

6. FOXP3+ Treg, iTreg and cancer prognosis
Since FOXP3 emerged early on as the marker of Treg, most of the investigators have
depended on expression of FOXP3 mRNA to identify CD4+ T suppressor cells. With the
development of FOXP3-specific antibodies suitable for immunohistochemistry (IHC) and/or
flow cytometry, it became possible to convincingly document accumulations of FOXP3+
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Treg in tumor tissues and blood of cancer patients. In tumors or tumor-involved lymph
nodes, FOXP3+ lymphocytes were found to be prominently present [e.g., 76]. With FOXP3-
specific antibodies, it has been possible to enumerate FOXP3+ Treg in human paraffin-
embedded tumor tissue sections. In many instances, numbers of FOXP3+ cells in the tumor
were correlated to poor prognosis [76–78]. The general conclusion of many such in situ
studies was that FOXP3+ Treg accumulations in tumors predicted poor outcome,
presumably because these Treg suppressed anti-tumor immune responses. However, the
presence of FOXP3+ Treg in the tumor was not linked to poor prognosis in many other
studies, including those by Fridman’s group in colorectal carcinoma (CRC) [79,80]. These
studies suggest that in CRC, high density infiltrates of CD8+ Teff and FOXP3+ Treg are
associated with improved outcome. The existing discrepancy in results of these in situ
studies suggests several possibilities: (i) that not all cells mediating suppression are
FOXP3+; (ii) that cells scored by IHC as FOXP3+ are not Treg but activated Teff or other
cells; or (iii) that FOXP3+ Treg are not the only suppressor cells in some types of human
cancer.

The frequency of FOXP3+ Treg was also found to be elevated in the peripheral blood of
most cancer patients relative to normal donors (reviewed in [1]). In many but not all studies,
the elevated frequency of FOXP3+ Treg in the circulation and/or tumor tissues correlated
with the presence of advanced disease and predicted poor outcome [76–78]. 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 immune system and thus could serve as a marker of poor
prognosis and might represent a new a target for immunotherapy. However, in a handful of
reports, the frequency of circulating FOXP3+ Treg was either not increased or was not
associated with worse prognosis [81]. In some cancers, notably CRC, the presence of
FOXP3+ Treg has been linked to an improved prognosis. Ghiringhelli and colleagues,
recently examined all published studies referring to FOXP3+ T cell infiltration and
prognosis in CRC [82]. They report a uniform agreement on a significant positive
correlation between dense FOXP3+ T cell infiltrations and improved prognosis and/or
survival in CRC [82]. In patients with head and neck cancer, infiltration by FOXP3+CD4+

Treg was positively associated with a better locoregional control of the tumor [83].
Although several explanations for such confounding results are possible, one is the
reliability of FOXP3 as a specific marker for Treg. Possibly, CD4+CD25+ T cells considered
to be Treg in some studies were, in fact, activated CD4+ T cells. As a specific marker for
human Treg is not yet available, the studies linking the frequency of Treg with prognosis
have to be viewed with caution. Another explanation may be that FOXP3 expression can be
down-modulated in some circumstances. For example, studying ATP-mediated P2X7
signaling in mice, where purinergic-type P2X7 receptors are prominently expressed on Treg,
Schenk and colleagues observed down-regulation of FOXP3 expression and reduced Treg-
mediated suppression [74]. In human tumors, which are enriched in ATP and in expanding
iTreg, conditions might favor a loss of FOXP3. Incidentally, such a loss was shown to
promote conversion of Treg to IL-17+ T helper (TH17) cells in mice [74]. Overall, it appears
that local environment can regulate FOXP3 expression in Treg recruited to the tumor, and
since this environment is unique for each human tumor, the differences in Treg frequency
and function as well as variable correlations with prognosis reported so far are not surprising
and should be taken judiciously.

To date, tissue and blood studies of Treg in cancer are inconclusive in respect to the role of
these cells in disease progression. It is unclear whether this role is minor or major depending
on the tumor type or whether suppression of inflammation by Treg has different effects on
tumor growth in different types of cancer. These studies are inconclusive perhaps because of
the well-recognized biologic heterogeneity of human tumors and because in cancer, the host
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immune system, including Treg, may be variably modulated by tumor-derived factors.
Preliminary results in mice and man suggest that FOXP3 positivity is not a specific attribute
of all Treg and thus may be inadequate for discrimination of Treg in cancer.

7. FOXP3+ Treg vs. iTreg in cancer therapy
The role of Treg in cancer therapy, similar to their prognostic value, remains controversial.
If Treg infiltrations are associated with better outcome in cancer, then their depletion is
contraindicated. But if FOXP3+ Treg interfere with the host’s anti-tumor immunity thus
promoting tumor progression, their depletion is desirable. Further, Treg presence and
activities might interfere with immunotherapy. This latter view has dominated the oncology
field, and it is still widely believed that in vivo elimination of Treg may restore or enhance
anti-tumor immunity and increase the efficacy of immunotherapy.

Immunomodulatory properties of the low-dose cyclophosphamide regimen are well known,
and Treg depletion by cyclophosphamide has been linked to the recovery of T-cell immune
responses in various animal cancer models [84]. However, Treg depletion by
cyclophosphamide appears to be less effective in humans, and it generally fails to enhance
the potency of cancer immunotherapies [85,86]. 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 ONTAK or
tyrosine kinase inhibitors such as Sunitinib [87–89]. These anti-Treg regimens transiently
reduce Treg numbers in the patients’ blood. In aggregate, results of clinical trials with Treg-
depleting therapies in cancer patients suggest that indiscriminate elimination of CD25+ T
cells especially those induced by a vaccine, interferes with anti-tumor functions of Teff
without a persistent impact on CD25+ Treg. The latter appear to be resistant to these
treatments, and while their frequency in the circulation initially decreases, it soon recovers
to the original or even higher frequency [57,71]. The impact of the above listed Treg-
depleting agents on the frequency of FOXP3+ Treg, was recently investigated in patients
with melanoma treated with anti-tumor vaccines [90]. To follow the fate of circulating Treg
with demethylated FOXP3 intron 1, an MS-qPCR method was used [90]. None of the three
depleting strategies resulted in sustained reduction in circulating FOXP3+ Treg frequency
that exceeded 50%. In most patients, this reduction was much more modest, while the
treatment with IL-2 used as control, increased the frequency of circulating FOXP3+ Treg at
least two fold [90].

More recent clinical studies indicate that effects of cancer therapy on FOXP3+ Treg are
complex. A Phase-III study of melanoma patients treated with high-dose IL-2 alone or in
combination with a peptide vaccine reported an association between the Treg frequency and
clinical responses [91]. The responding patients enrolled in the IL-2 plus vaccine arm had a
significantly higher Treg frequency than the patients who did not clinically respond [91].
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 chemotherapy were
evaluated for tumor infiltration by FOXP3+ Treg [92]. In patients with tumors characterized
by high numbers of 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 [92]. It appears that therapies inducing anti-tumor
immune responses also increase the frequency of Treg and that clinical responses and
prognosis in cancer may be influenced by Treg. If so, then it becomes highly important to
determine whether Treg depletion is necessary or effective in improving results of cancer
immunotherapy. Perhaps Treg expansion rather than depletion is advisable. The finding that
not only immune therapies but also chemoradiotherapies increase the frequency of Treg [57]
further emphasizes the need for a better understanding of Treg role in therapy of cancer. In
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the future, it will be essential to conduct carefully designed randomized clinical trials that
are based on new insights into the Treg biology to confirm the impact of changes in the Treg
frequency and functions on outcome in cancer.

Regarding future clinical strategies for elimination or expansion of Treg, several aspects of
the Treg biology are important. First, is the question of what type of Treg should be
therapeutically targeted in cancer. If iTreg (Tr1) are shown to have a major role in cancer
progression, their selective depletion may become necessary. They are induced in the tumor
microenvironment and empowered by the tumor to block anti-tumor immunity. Fortunately,
iTreg have distinct phenotypic and functional attributes [58]. For example, human iTreg
express CD39 and CD73 and effectively utilize the adenosinergic pathway [52,61]. In
cancer or chronic infections, it is these iTreg recruited and conditioned by the environment
that mediate high levels of suppression by producing adenosine and upregulating 3′, 5′-
cAMP levels in Teff [93]. We have previously discussed pharmacologic strategies available
for silencing of these iTreg [72].

Second, evidence indicates that Treg are resistant to various therapeutic and non-therapeutic
agents known to induce apoptosis and deplete Tconv. In our own experience, HNSCC
patients successfully treated with surgery and adjuvant chemoradiotherapy, had a
significantly elevated frequency of CD4+FOXP3+CD25high or CD4+FOXP3+CD39+ Treg
mediating potent suppression relative to pre-therapy values [57,71]. Further, in some of
these patients, numbers of circulating Treg remained elevated for months after the last
therapy [57 and our unpublished data]. While the mechanisms of Treg resistance to
apoptotic stimuli are not clear and are under investigation, the very fact these Treg survive
better than Tconv in an unfavorable milieu emphasizes their biologic significance.

The third aspect to consider is Treg localization to tumor sites, and the fact that tumor-
associated Treg are more suppressive than those in the blood [57,58]. If iTreg elimination in
the tumor microenvironment is a therapeutic goal, the agent used must be able to reach the
tumor site, which seems feasible when antibodies are used. A combination of anti-CTLA-4
and anti-PD-1 blocking antibodies was effective in expanding tumor-infiltrating Teff, while
reducing Treg and myeloid cells within the tumors of mice with B16 melanoma [95]. This
finding is of great interest, since Ipilimumab, a fully humanized anti-CTLA-4 mAb recently
approved for the treatment of advanced melanoma is in clinical trials (e.g., [96],), and it is
expected that its in vivo effects on Treg in the human tumor microenvironment will soon be
known. Other antibody-based therapies targeting Treg capitalize on the presence of key
receptors on these cells. For example, PD-1 blocking antibodies are under investigation for
their safety and efficacy in patients with cancer and might not only target tumor cells but
also PD-1+ Treg [97]. The glucocorticoid-inducible-TNF-receptor (GITR) could be another
promising target for elimination of Treg in the tumor microenvironment. In the B16
melanoma model, the application of the agonistic anti-GITR-mAb, DTA-1, reduced Treg
numbers in tumors by around 50% [98]. In addition, treatment with DTA-1 also increased
the number of tumor infiltrating CD8+ T cells and their anti-tumor activity [98]. Vaccination
of mice with FOXP3 mRNA-transfected DC elicited a robust FOXP3-specific CTL response
and potentiated vaccine-induced protective immunity comparably to therapy with anti-CD25
Ab [99]. Further, this vaccination led to the preferential depletion of FOXP3+ Treg in the
tumor but not in the periphery [99]. Another potentially promising therapeutic strategy takes
advantage of factors regulating the differentiation of Treg in the tumor microenvironment,
such as TGF-β. Experiments in mice with B16 melanoma showed that suppressing tumor
TGF-β1 expression with siRNA before, during and after delivery of a DC-based vaccine
significantly reduced tumor growth [100]. To better understand the nature of factors that
favor iTreg induction in the tumor microenvironment and could be selectively blocked in the
future, we have utilized the in vitro model for Tr1 induction and culture established in our
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laboratory [58]. In this coculture model IRX-2, a primary cell derived biologic previously
used for therapy of HNSCC favored the induction of Teff over Treg [101]. IRX-2 decreased
outgrowth of FOXP3+IL-10+TGF-β+ Tr1, while increasing the frequency of T-bet+IFN-γ+

Teff. IRX-2 also decreased suppressor functions of Treg in this model [101]. Finally, to
attenuate the undesirable immunosuppressive effects of iTreg in the tumor, pharmacologic
interventions targeting the molecular pathways utilized by these cells might be considered.
For example, the cooperation between the adenosinergic and PGE2 pathways, which is
regulated at the 3′, 5′-cAMP level and which controls Treg-Teff cell interactions in cancer,
represents a promising target for therapies aiming at the restoration of anti-tumor immune
responses [72,102]. Using pharmacologic inhibitors, it is possible selectively block
production of adenosine or PGE2 or to interfere with the finding of these factors to their
receptors on immune cells [72,102]. These and other strategies aimed at achieving depletion
of Treg blocking anti-tumor responses will have to be evaluated for their potentially adverse
effects on outcome by depleting subsets of Treg that might be beneficial to the host.

8. Expert opinion
Under normal circumstances, whenever CD8+ effector and CD4+ helper Treg accumulate in
response to local signals, so do FOXP3+ nTreg to maintain the homeostatic balance and
prevent potential tissue damage. In the environment of solid tumors, however, a conversion
of Tconv into iTreg occurs, creating a pool of highly activated and indiscriminately
suppressive inducible Treg (Tr1), which interfere with functions of anti-tumor effector T
cells.

The oncologic community has long been aware of therapeutic difficulties imposed by
cancer-associated immune suppression, including the existence of distinct Treg subsets,
which mediate suppression of anti-tumor responses and also interfere with immunotherapies.
However, the distinction between FOXP3+ nTreg responsible for maintaining peripheral
tolerance and iTreg, which may or may not be FOXP3+ when they are induced and
corrupted by the tumor to mediate suppression of anti-tumor immunity, has not been fully
appreciated. These two Treg subsets represent different parts of the suppression spectrum
and presumably respond to different environmental signals.

In inflammation, FOXP3+ nTreg are responsible for control of potentially injurious immune
responses. The beneficial role of FOXP3+ nTreg in cancers such as CRC, which are rich in
chronic inflammatory infiltrates, is explained by evidence linking chronic inflammation to
cancer development: by reducing inflammation, FOXP3+ nTreg interfere with cancer
progression. In cancer, it is iTreg that are of greatest concern, especially with aggressive
solid tumors able to efficiently convert Tconv to iTreg. These iTreg are a distinct subset of
regulatory cells that phenotypically and functionally differ from FOXP3+ nTreg normally in
charge of peripheral tolerance. Tumor-associated Tr1 are pro-tumorigenic, as they produce
immunosuppressive cytokines (IL-10, TGF-β) and immunoinhibitory factors such as
adenosine and PGE2. The presence of iTreg in cancer is linked to a poor prognosis. They are
more resistant to oncological therapies than Tconv, and thus increased numbers of iTreg
following therapies and persistent suppression of anti-tumor immune responses might create
conditions favorable to disease recurrence. Therefore, iTreg need to be depleted or silenced
in cancer patients, especially those to be treated with immunotherapy. In contrast, depletion
of FOXP3+ nTreg should probably be avoided. For oncological therapies, this may be a
difficult and complex challenge. A selective discrimination between nTreg and iTreg to
avoid shifting the balance toward autoimmunity and simultaneously achieve robust anti-
tumor effects will not be simple. It will require additional knowledge of cellular and
molecular mechanisms underlying interactions of iTreg and nTreg within the tumor
microenvironment. As each human tumor creates its own unique microenvironment, altering
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of these interactions by immunotherapy represents a new venture into personalized care of
cancer patients.
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Article highlights

• Thymus-derived nTreg mediate peripheral tolerance.

• Inducible Treg (iTreg, Tr1) mediate tumor-induced suppression.

• iTreg accumulate in cancer and their presence predicts poor outcome.

• iTreg may be the major subset of suppressor cells in cancer.

• nTreg benefit the host when they control inflammation.

• nTreg vs. iTreg subsets as “good” vs. “bad” Treg.

• Therapeutic Treg depletions should target iTreg not nTreg.

This box summarizes key points contained in the article.
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Figure 1. Inducible Treg (Tr1) generated in co-cultures with tumor cells
A. A schematic of the co-culture of purified CD4+CD25neg T cells with autologous
immature dendritic cells (iDC), irradiated HNSCC cells and cytokines used for Tr1
generation. B. Phenotypic characteristics of human Tr1 cells generated in 10 day co-cultures
and compared with conventional CD4+ T cells cultured in the presence of anti-CD3/anti-
CD28 mAb and IL-2 for 10 days. Asterisks indicate significant (p < 0.01) differences in the
% positive cells. The data are from 5 independent experiments. C. Functional properties
(proliferation or IL-10 production) by T cells expanding in co-cultures over 10 days. The
data were generated with T cells from one of the co-cultures described above.
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Figure 2. Expression of CD73 on Tr1 cells generated in co-cultures of CD4+CD25neg T cells with
irradiated tumor cells, autologous DC and cytokines as shown in Figure 1
Flow cytometry shows surface expression of CD73 on 40% of Tr1 cells (solid line). Isotype
control is shown as a dotted line. Tr1 cells from another co-culture were also stained with
anti-CD39 (FITC) and anti-73 (PE) antibodies and examined for co-expression of the two
ectonucleotidases in a wet mount by fluorescence microscopy. In A, DAPI control; B,
CD39+ cells; C, CD73+ cells; D. merged view with a yellow color identifying Tr1 cells co-
expressing CD39 and CD73. Original mag × 400. Courtesy of Drs. M. Mandapathil (flow
cytometry) and M. Harasymczuk (fluorescence microscopy).
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Figure 3. The presence of Tr1-like cells at tumor sites and in the peripheral circulation of
patients with cancer
A. Expression of CD4+ T cells co-expressing CD132 and TGF-β infiltrating human
HNSCC. A frozen tumor section stained with mAbs to CD4; CD132 and TGF-β and
examined in a fluorescence microscope. Mag × 600. B. Flow cytometry data (reproduced
with permission from ref. 57 by Bergmann et al.) for expression of CD132, TGF-β, IL-10
and IL-4 in CD3+CD4+ lymphocytes in PBMC or TIL of a representative HNSCC patient.
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Figure 4.
Schematic overview of human nTreg and iTreg emphasizing their distinct phenotypes and
functional attributes in respect to adenosine signaling and adenosine production.

Whiteside et al. Page 23

Expert Opin Biol Ther. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


