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Abstract The metastasis of cancer is a complex and life-
threatening process that is only partially understood. Immune
suppressive cells are recognized as important contributors to
tumour progression and may also promote the development
and growth of tumour metastases. Specifically, regulatory T
cells (Tregs) have been found to promote primary tumour
progression, and emerging pre-clinical data suggests that
Tregs may promote metastasis and metastatic tumour growth.
While the precise role that Tregs play in metastatic progres-
sion is understudied, recent findings have indicated that by
suppressing innate and adaptive anti-tumour immunity, Tregs
may shield tumour cells from immune detection, and thereby
allow tumour cells to survive, proliferate and acquire charac-
teristics that facilitate dissemination. This review will high-
light our current understanding of Tregs in metastasis, includ-
ing an overview of pre-clinical findings and discussion of
clinical data regarding Tregs and therapeutic outcome. Evolv-
ing strategies to directly ablate Tregs or to inhibit their func-
tion will also be discussed. Improving our understanding of

how Tregsmay influence tumour metastasis may lead to novel
treatments for metastatic cancer.
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1 Introduction

Tregs are a functionally diverse subset of immune suppressive
T cells necessary for the maintenance of immune homeostasis.
Under normal physiological conditions, Tregs function to pre-
vent the reaction of the immune system to self-antigens, thereby
limiting autoimmunity. However, Tregs may also aberrantly
suppress the activity of lymphoid and myeloid lineage immune
cells, contributing to the pathogenesis of many diseases, includ-
ing cancer [1] and chronic infection [2]. Despite their active role
in disease pathogenesis, Tregs are systemically necessary for
the suppression of self-reactive immune cells in peripheral
tissues, termed ‘peripheral tolerance’. The existence of a regu-
latory immune cell population was first recognized during
organ transplantation in 1970, when Gershon and Kondo noted
that thymus-derived lymphocytes were capable of inducing
tolerancewhen adoptively transferred to thymectomized, lethal-
ly irradiated, bone marrow-reconstituted recipient mice treated
with sheep red blood cells [3]. This work denoted the presence
of ‘suppressor cells’ for the first time, and these suppressor cell
populations were later implicated in host immunological toler-
ance to tumour antigens [4]. The phenotype of these cells
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remained ambiguous until Sakagucki and colleagues identified
CD4+CD25+ ‘regulatory’ T cells as the mediators of tolerance
following transplantation of splenocytes into thymectomized
mice [5]. Sustained expression of the master regulator and
transcription factor forkhead box P3 (Foxp3), or scurfin, is
required for the maintenance and immune suppressive function
of most Treg subsets [6, 7].

In general, Tregs can be segregated into two subsets based
on their ontogeny, including natural or thymus-derived tTregs
and peripherally generated pTregs [8–10]. Thymic and pe-
ripheral subsets of Tregs are phenotypically characterized by
the expression of CD4+CD25highFoxp3+ and based on the
methylation status of their Treg-specific demethylated region
(TSDR) at the Foxp3 promoter [11]. Thymic Tregs are gen-
erated in the thymic medulla from immature CD4+ T cells in
response to high-affinity interaction with a self-peptide:major
histocompatibility (MHC) complex presented by medullary
thymic epithelial cells (mTECs) or dendritic cells (DCs) and
function predominantly to regulate autoimmunity [10, 8].
Both subsets require engagement of their T cell receptor
(TCR) to become activated. Peripheral Tregs are generated
extrathymically from CD4+ Tcells (Tconvs) in response to sub-
optimal engagement of their TCR co-stimulatory receptors in
a tolerogenic environment that induces Foxp3 expression. For
example, pTregs may be generated through exposure of naive
CD4+ T cells to transforming growth factor-β (TGF-β),
interleukin-2 (IL-2) and immature dendritic cells presenting
antigen. Tregs may also be generated from Tconvs exposed to
prostaglandin E2 (PGE2) and IL-10. Peripheral Tregs are
thought to be principally generated at sites of inflammation
and have been described to have a diverse recognition of
antigens. Additional subsets of T cells defined to have regu-
latory activity include Tr1 and Th3 helper T cells, double-
negative T cells, γδ T cells, NK T cells [12].

While the role of FoxP3 in mediating transcription of the
suppressive gene signature in murine Tregs is well established,
determining the function of Foxp3 in human Tregs is compli-
cated by the presence of two isoforms, Foxp3A and Foxp3B,
for which the cellular distribution and immune suppressive
function of each is unknown [13]. However, research has
shown that the level of Foxp3 expression in humans is associ-
ated with the function of Tregs, where Foxp3high cells display
immune suppressive regulatory function [14]. Indeed, individ-
uals born with immunodysregulation, polyendocrinopathy, en-
teropathy, X-linked (IPEX) syndrome resulting from amutation
in the Foxp3 gene develop a severe, often fatal, lymphoprolif-
erative disease [6], suggesting an important role for Foxp3 in
mediating the immune suppressive function of human Tregs.

Through a variety of mechanisms, Tregs can suppress both
adaptive and innate immune responses in a contact-dependant
or contact-independent manner. Prior to mediating their sup-
pressive activity, Tregs must be activated by recognition of
antigen complexed with MHC II on an antigen presenting cell

(APC). Research investigating the antigen specificity of Tregs
is still in its infancy, especially with regard to the existence of
intratumoural neoantigen-specific Tregs. It is known that a
large fraction of Tregs, especially those originating in the
thymus, are specific to self-antigens expressed on APCs (as
discussed by Gratz and Campbell [15]). This autoreactive
nature of Tregs is required for the maintenance of peripheral
tolerance and prevention of autoimmune disease. However,
within inflammatory environments, antigen recognition by
Tregs appears to be more diverse, with Tregs characterized
to have reactivity against bacterial, viral, parasitic and alloan-
tigens [8, 9]. Once activated, Tregs may suppress the immune
response in an antigen non-specific manner, termed bystander
suppression [16, 17]. The method of suppression used by
Tregs is a point of controversy; however, it is thought that
under homeostatic conditions, thymic Tregs may suppress
auto-reactive T cell activation through the deprivation of co-
stimulatory signals and IL-2 (reviewed in detail byYamaguchi
et al. [18]). In contrast, during an inflammatory reaction,
thymic or peripheral Tregs may inactivate or kill effector T
cells and APCs via the release of the suppressive cytokines IL-
10, IL-35 and TGF-β or through the release of granzymes and
perforin [18].

Regardless of the mechanism of Treg-mediated immune
suppression, it is clear that Tregs are relevant to the pathogen-
esis of many diseases including autoimmune conditions, such
as type 1 diabetes, and chronic inflammatory conditions in-
cluding asthma and inflammatory bowel disease (IBD) [19].
Based on pre-clinical tumour models, a role for Tregs in the
progression of many types of cancer has become apparent,
especially with regard to the ability of Tregs to promote the
development and growth of murine primary tumours. The
influence of Tregs on tumour progression in the clinic is less
clear, with intratumoural Treg levels correlating with better or
worse outcomes depending on the tumour type. There is some
pre-clinical evidence that Tregs can accumulate in metastatic
tumours, and whether Tregs are involved in promoting the
development and growth of tumour metastases is an area of
active investigation. Knowledge of the phenotype of Tregs
in primary tumours, the mechanisms by which Tregs may
promote tumour cell invasion and spread and the potential
role of Tregs in the development of metastases may help
to facilitate the design of therapies to block the tumour-
promoting functions of Tregs and to bypass anti-tumour
tolerance. In this review, we will discuss the relationship
between Treg levels and therapeutic outcome in the clinic,
the phenotypic and functional heterogeneity of Tregs in
tumour-bearing hosts and potential mechanisms by which
Tregs may influence the development and growth of pri-
mary tumours and metastatic tumour foci. We will also
discuss recent approaches designed to specifically target
Tregs in cancer and examine the effects of these therapies
on tumour progression.
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2 Accumulation and clinical significance of Tregs
in patient tumours

Tregs are observed in many types of solid primary tumours (as
reviewed in Facciabene et al. [20]), and Tregs may represent
important contributors to tumour progression. Elevated levels
of Tregs in solid tumours may be due to recruitment of Tregs
from the peripheral circulation and/or expansion of Tregs
within the solid tumour microenvironment. There are various
proposed mechanisms for the recruitment of Tregs into pri-
mary tumours, including attraction to the tumour site by
chemotactic gradients. Examples of chemokine interactions
resulting in Treg recruitment to the tumour have been
reviewed extensively by Mailloux et al. [21] and include
CCL22/CCR4 [22, 23], CCL5/CCR5 [24], hypoxia-
mediated CCL28/CCR10 [25] and CXCL12/CXCR4 [26].
Other lines of experimentation have suggested the de novo
generation of pTregs from conventional CD4+ cells within the
primary tumour [27, 28], although the local expansion of
infiltrating tTregs may also occur [29]. Clonal expansion of
tTregs and generation of pTregs in situ due to production of
IL-10, TGF-β and adenosine by tumour cells and myeloid-
derived suppressor cells (MDSCs) have been also reported
[30]. Finally, it has been found that effector T cells are more
vulnerable to reactive oxygen species (ROS) in the tumour
microenvironment than Tregs, resulting in an increased abun-
dance of Tregs relative to effector T cells in the ROS-rich
tumour milieu [31].

The relationship between intra-tumoural Tregs (or elevated
numbers of Tregs in the peripheral circulation) and cancer
progression in the clinic is unclear. Systemic accumulation of
Tregs, assessed by the immunohistochemical detection of
Foxp3+ lymphocytes, has been associated with improved
outcome in many haematological malignancies [32–34]. In
solid tumours, the prognostic significance of tumour-
infiltrating Foxp3+ lymphocytes remains controversial and
varies with the tumour type and location. On one hand, a high
density of tumour-infiltrating Foxp3+ cells has been associat-
ed with poor outcome in ovarian [22, 35, 36], hepatocellular
[37, 38], renal [39, 40], pancreatic [41], melanoma [42],
colorectal [43] and lung [44] cancers. On the other hand, there
is evidence that Treg accumulation is associated with good
prognosis in colorectal [45–47], gastric [48] and head and
neck carcinomas [49–51]. Various factors, including the func-
tional heterogeneity of tumour-infiltrating Tregs, their accu-
mulation in peritumoural versus intratumoural sites, the levels
of CD8+ cytotoxic T cells in the tumour or the immunogenic-
ity of the tumour cells may explain these seemingly contra-
dictory results (reviewed by Elkord et al. 2014 [52]). In
addition, the conflicting prognostic significance of Tregs in
cancer may reflect methodological differences in the identifi-
cation and assessment of Tregs in biopsy samples and/or the
changing cancer-immune response relationship over the

different stages of the proposed immunoediting process [53].
While one of the important functions of the immune system is
to detect and destroy aberrant, transformed cells by a process
called immunosurveillance, the immune system can also
shape and/or promote cancer development by eliminating
highly immune-reactive tumour cell clones in the process of
immunoediting (reviewed in Dunn et al. [54]). The host-
protective and tumour-sculpting actions of the immune system
during cancer development are composed of three phases:
elimination (i.e. immunosurveillance), equilibrium (between
tumour cells and the immune system) and escape of the
tumour from immune-mediated equilibrium (extensively
reviewed in Dunn et al. [54]). Tregs are crucial players in
the escape phase of the cancer immunoediting process. De-
pending on the immunoediting phase of a particular tumour at
the time of biopsy, it is plausible that tumour-infiltrating Tregs
found in the biopsy may have growth-inhibiting or growth-
promoting effects.

The specificity of Foxp3 to identify Tregs is emerging as an
important consideration in the immunohistochemical evalua-
tion of Tregs. Although Foxp3 expression has been consid-
ered the most specific and accurate marker to define Tregs in
cancer patients [55, 56], naïve CD4+ T cells can transiently
express low levels of Foxp3 upon stimulation while they are
non-suppressive [13]. Moreover, small numbers of CD8+ cells
can exhibit reactivity with anti-Foxp3 antibody [57], and
Foxp3 can be expressed by tumour cells in some cases. Foxp3
expression in non-haematopoietic cells and tissues was first
published in 2007, when Hinz et al. reported the expression of
Foxp3 in pancreatic adenocarcinoma tissue and pancreatic
carcinoma cell lines [58]. Similarly, Foxp3 protein expression
has been reported in normal and cancerous human breast
tissues [59] and, later, in other types of cancer cells (reviewed
by Triulzi et al. [60]). Although non-haematopoietic Foxp3
expression has been proposed as a tumour suppressor [61, 62],
Foxp3 expression in cancer cells has also been shown to
predict poor clinical outcome and metastases in breast, lung,
esophageal and urinary bladder cancers [63–66]. This discrep-
ancy could be explained by the recent finding that Foxp3 can
induce several genes implicated in migration, EMT and me-
tastasis, in addition to its anti-proliferative action [60]. Foxp3
expression by cancer cells can therefore be viewed as a
double-edged sword, and whether one or both roles will take
effect in a specific tumour type requires further investigation.

Other markers in addition to Foxp3 have been used to
identify Tregs in a range of clinical studies, with some of these
markers being related to the immune suppressive function of
the cells. Indeed, Foxp3+ tumour-infiltrating Tregs may be
divisible into suppressive and non-suppressive populations
[67–69], with a decrease in CD39 expression postulated as a
major impairment to the suppressive capacity of Tregs. Non-
suppressive Foxp3+ Tregs can secrete pro-inflammatory cyto-
kines [67] which may confer better prognosis to some colon
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cancer patients [70]. A substantial number of IL-17+ Tregs
have been identified in patients with colorectal cancer [71].
These cells induced proinflammatory cytokine production and
suppressed local T cell immunity simultaneously and, there-
fore, were linked to active inflammation and tumour develop-
ment [71]. Another subset of human pTreg found in healthy
volunteers co-express the ectonucleotidases CD39 and CD73
and have been found to mediate suppression of effector im-
mune cells ex vivo via the adenosine pathway [72]. In head
and neck squamous cell carcinoma (HNSCC), two different
CD4+CD39+ T cel l subsets (CD25+Foxp3+ and
CD25negFoxp3neg) were significantly elevated in the tumour
site with the CD4+CD39+CD25+Foxp3+ subset having re-
markably higher immunosuppressive function [73].
Melanoma-infiltrating Foxp3+ Tregs predominantly contain
a Foxp3hi CD45RAneg aTreg immunosuppressive sub-
population [74], while Foxp3+ Tregs infiltrating colon cancers
contain higher frequencies of non-suppressive Foxp3low

CD45RAneg Treg populations (reviewed by Nishikawa and
Sakaguchi [70]). Treg function in primary tumours may also
be influenced by different tumour phenotypes, molecular sub-
types or microenvironmental parameters. For example, the
favourable prognosis associated with the high density of
Foxp3+ T cells infiltrating colorectal carcinomas could be
attributed to their ability to suppress tumour-promoting in-
flammatory immune responses generated by infectious stimuli
from bacteria translocated through the mucosal barrier [46].
Furthermore, Foxp3+ Tregs may suppress the pro-
inflammatory and tumour-promoting capacities of Th17 cells
infiltrating colorectal cancer [75, 46]. Regardless of the mech-
anisms involved, it is clear that regulatory T cell populations
can have a variable impact on clinical outcome depending on
the tumour type, and researchers are cautioned to consider
whether Tregs (alone) can be considered robust biomarkers of
the tumour-associated immune response and/or therapeutic
outcome in a particular patient population. In the following
section, we will discuss the prognostic value of Tregs infil-
trating breast carcinomas as a prototype for the heterogeneous
prognostic role of tumour-infiltrating Tregs within the same
cancer type.

3 Prognostic significance of Tregs in primary breast
tumours

Breast cancer is a remarkably heterogeneous disease, embrac-
ing a wide range of clinical patterns, stages of presentation,
biological behaviour, prognostic characteristics and response
to different types of treatment. The number of immunosup-
pressive CD4+CD25+ Tregs has been shown to significantly
increase in the peripheral blood and the primary tumour of
patients with invasive breast cancer [76, 77]. Table 1 summa-
rizes several prognostic studies that investigated Foxp3+ Tregs

infiltrating breast carcinomas. The first study to report the
relationship between tumour-infiltrating Treg numbers and
clinical outcome was performed by Bates et al. [76]. They
demonstrated that Foxp3+ infiltrating cells were an indepen-
dent factor for poor prognosis in patients with oestrogen
receptor (ER) positive tumours, but not in patients with ER-
negative tumours [76]. Similarly, a high number of Foxp3+

Tregs infiltrating breast tumours were significantly associated
with a high risk of relapse and death [76, 78, 79, 24, 80],
especially in ER-positive [24, 80] and basal-like tumours [80].
Interestingly, and opposite to the previously reported results,
high Foxp3+ tumour-infiltrating leukocyte (TIL) levels were
significantly associated with a favourable outcome in 143 ER-
negative breast tumours, independent of standard prognostic
factors [81]. The same results have been confirmed for triple-
negative (n=82) and basal-like (n=65) tumours. Intriguingly,
the association of Foxp3+ TIL with good outcome was depen-
dent on the presence of large numbers of CD8+ TIL [81]. In
patients who received chemotherapy, the presence of Tregs
resulted in significantly less relapses independent of other
factors such as nodal stage and HLA class I expression level
[82]. In a larger (n=1445), well-characterized series of inva-
sive breast cancer cases with long-term follow-up, Mahmoud
et al. investigated the prognostic value of tumour-infiltrating
Foxp3+ cell density and tumour microenvironmental localiza-
tion [83]. Although higher numbers of Foxp3+ infiltrating
cells were associated with a worse prognosis on univariate
analysis, the number of Foxp3+ cells was not identified as an
independent prognostic factor in multivariate analysis [83].
The Mahmoud et al. data set [83] was recently integrated with
a larger study to evaluate the prognostic value of T lympho-
cytes in breast cancer [84]. Foxp3+ T lymphocytes infiltrating
breast cancer tissues from 5239 patients did not have any
significant association with clinical outcome after adjustment
for known prognostic factors [84]. Moreover, the interaction
between different immune cells infiltrating 1113 breast carci-
nomas, assessed by the CLOPE clustering algorithm (for
clustering large transactional databases with high dimensions)
[85], did not include Foxp3+ Tregs as a leading discriminative
marker in the prognostic cluster [86].

Foxp3 expression in breast tumour cells has been identified
as an independent prognostic factor for improved clinical
outcome in 103 patients with HER2 over-expressing tumours
[87]. These data are in apparent contradiction with Merlo
et al., who reported an independent association between high
expression of Foxp3 by breast tumour cells and poor progno-
sis [64]. However, it was shown that Foxp3 acts as a tran-
scriptional repressor for the breast cancer oncogenes SKP2
and HER2, suppressing breast tumour cell growth in mice and
humans [88, 59]. These data suggest that the function of
Foxp3 in breast cancer cells may closely relate to the HER2
oncogenic pathway. Consistent with Foxp3 functioning as an
important tumour suppressor in breast cancer, loss of Foxp3
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nuclear expression in mammary epithelial cells has been re-
cently shown to augment CXCR4 expression and, conse-
quently, metastasis via the chemotactic response of CXCR4+

tumour cells to CXCL12 expressed in peripheral tissues [89].
It is important to consider the clinical significance of Treg

accumulation in breast tumours prior to and after administra-
tion of neoadjuvant therapies, which are commonly employed
in breast cancer patients to decrease tumour size prior to
surgery. Pathologic complete response (pCR), as recently
refined by von Minckwitz et al. [90], has been used to predict
long-term outcome after neo-adjuvant chemotherapy of pa-
tients with breast cancer based on the presence or absence of
residual disease. Intratumoural Treg accumulation in patients
who have received neo-adjuvant therapy has been shown to
affect the pCR rate of these patients. For example, a study of
101 locally advanced breast cancer patients found that a
decrease in intratumoural Treg levels after neo-adjuvant che-
motherapy was associated with a positive pCR [91].
Futhermore, the density of intratumoural Tregs prior to neo-
adjuvant therapy was a strong predictive factor for patient
survival, with higher intratumoural Treg levels prior to che-
motherapy associated with decreased overall survival [91].
Several additional studies have highlighted a correlation be-
tween Treg levels and response to neo-adjuvant therapy [78,
92, 93]. Specifically, Verma et al. found that the percent of
systemic Foxp3+ Tregs predicted the response of tumours to
neo-adjuvant chemotherapy, with lower systemic Treg levels
prior to neo-adjuvant therapy conferring improved response to
treatment in women with large and locally advanced breast
tumours [93]. Interestingly, neoadjuvant therapy and surgery
were unable to restore Tregs to the levels observed in healthy
women, which may suggest the presence of residual metasta-
tic disease [93]. Indeed, the potential influence of Tregs on the
development and growth of tumours is an important area of
research, and both clinical and pre-clinical data are emerging
to support the concept that Tregs may play important roles in
metastasis.

4 Association of tumour-infiltrating Tregs with metastatic
disease

The recruitment of Tregs to primary lesions has been associ-
ated with the development of metastases in patients with
breast [94–97, 81], gastric [98], prostate [99], colorectal
[43], renal [100], thyroid [101] or lung cancers [102]. In breast
cancer, intratumoural Foxp3+ lymphocytes were found to
increase with progression from normal breast tissue to ductal
carcinoma in situ (DCIS) to invasive ductal carcinoma (IDC)
and were highly correlated with the invasive characteristics of
the tumour [95, 97]. The accumulation of Tregs has also been
observed in colorectal cancer, where patients with liver me-
tastases have elevated levels of functionally immune suppres-
sive CD4+CD25+CD127dim/- Tregs in their peripheral blood
prior to surgery [43]. Similarly, elevated levels of
CD4+CD25+CD127low/- Tregs were identified in the periph-
eral blood of patients with metastatic castration-resistant pros-
tate cancer (mCRPC) versus healthy donors [99]. Populations
of Tregs from the peripheral blood with similar suppressive
activity were analyzed for differential gene expression, reveal-
ing that Tregs from mCRPC patients over-expressed factors
involving T cell proliferation (C-FOS, C-JUN, DUSP1), cell
cycle progression and inhibition of cellular migration (RGS-1)
[99]. Interestingly, the upregulation of proliferation and dif-
ferentiation factors suggested that regulatory cells from
mCRPC were capable of bypassing anergy, potentially in
response to activation signals such as tumour secreted factors,
IL-2 and exposure to their cognate antigen. It was hypothe-
sized that the increased expression of the anti-migratory fac-
tor, RGS-1, was related to Treg accumulation and arrest within
mCRPC tumours [99]. Furthermore, in clear cell renal cell
carcinoma (CCRCC) the intratumoural infiltration of Foxp3+

and programmed cell death-1+ (PD-1+) lymphocytes correlat-
ed with risk of distant metastatic relapse [100]. Thus, the
accumulation of Tregs systemically and within primary le-
sions has been associated with metastatic disease in several

Table 1 Immunohistochemical
data highlights the prognostic
value of breast tumour-infiltrating
Foxp3+ T cells

a Tissue microarray (TMA) for the
multiplex analysis of tissue
histology

Prognostic value No. of
cases

Tissues
examined

Molecular
subtypes

Reference

Unfavourable in ER-positive tumours 222 TMAa Mixed [76]

Unfavourable 87 Full-face sections Mixed [78]

Unfavourable, especially in ER-positive
tumours

191 TMAa Mixed [23]

Unfavourable 556 TMAa Mixed [82]

Unfavourable 491 TMAa Mixed [80]

Unfavourable 1270 Full-face sections Mixed [79]

No effect 1445 TMAa mixed [83]

No effect 103 Full-face sections HER2-positive [87]

Favourable 143 TMAa ER-negative [81]

No effect 5239 TMAa Mixed [84]
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tumour models, as outlined in Tables 2 and 3, and Tregs
exhibit a variety of functions that may promote dissemination
of tumour cells from the primary tumour mass.

5 Functions of Tregs in promoting metastatic tumour cell
dissemination

Regulatory T cells may promote tumour metastasis by sup-
pressing anti-tumour immune responses and/or by directly
facilitating the invasion and migration of tumour cells
(Fig. 1). Tregs may suppress cytotoxic immune responses
against tumour cells by releasing soluble immune suppressive
molecules including granzymes [103], galectin-1 [104], aden-
osine [105], PGE2 [43] or indolamine dioxygenase (IDO)
[106] (Fig. 1a). Mechanisms of Treg contact-dependent sup-
pression include cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) [107], programmed death-ligand 1 (PD-L1) [108,
106], lymphocyte-activation gene 3 (LAG-3) [109],
neuropilin 1 (Nrp1) [110] and CD39/73 [105] expression.
The mechanisms used by Tregs to promote primary tumour
growth vary with the type of tumour, its location and the
surrounding tissue microenvironment (reviewed in detail by
Facciabene et al. [20]). Protumourigenic functions of Tregs
identified in pre-clinical tumour models include roles in immu-
nosuppression and angiogenesis [111], and Tregs may influ-
ence the function of other immune cells as well as malignant
and stromal cells [112]. However, mechanisms by which Tregs
may influence metastatic tumour cell dissemination or meta-
static tumour growth are relatively poorly understood and
represent an area of increasingly active investigation.

In patients with colorectal cancer, cyclooxygenase-2
(COX2) and PGE2 expression are associated with recurrent
metastatic disease of the liver. CD4+CD25+CD127dim/- Tregs
were found to actively suppress tumour-specific effector and

cytotoxic responses against the colorectal antigen CEA61–69 as
evident by a decrease in interferon-γ (IFNγ) and tumour
necrosis factor-α (TNFα) expression, and this suppression
could be inhibited with the COX antagonist indomethacin
[43]. Correspondingly, patients with recurrent metastatic dis-
ease accumulated intratumoural Tregs expressing high levels
of COX2 and had increased plasma levels of the tumour
proliferation, angiogenesis and immune suppressive factor
PGE2 [43]. The expression of COX2 by Tregs suggests that
Tregs facilitate immune suppression and tumour development
via PGE2 expression within colorectal tumours [43]. A study
of murine breast cancer found that COX2 expressing tumour
cells produced PGE2 and recruited Tregs expressing the cog-
nate receptors EP2 or EP4 to the primary tumour to promote
bone metastasis [113]. Additionally, lipocalin 2 (LCN2) ex-
pressing tumour cells were found to promote the expansion of
Tregs and thereby facilitate tumour cell metastasis in a murine
model of colorectal cancer [114]. For instance, CCL2 secreted
by Snail+ tumour cells had a dual function in promoting
tumour cell epithelial to mesenchymal transition (EMT) while
inducing LCN2 production. LCN2 produced by Snail+ tu-
mour cells promoted the generation of CD4+Foxp3+ Tregs
that promoted tumour metastasis by suppressing cytotoxic T
lymphocytes, thereby generating a suppressive microenviron-
ment that shielded tumour cells from immune attack and
indirectly facilitated their EMT [114].

Neuropilin-1 (Nrp1) expression by intratumoural Tregs is
thought to potentiate anti-tumour immune suppression by
stabilizing the Treg phenotype through an increase in survival
and quiescence factors while repressing Treg differentiation
[110]. Expression of the Nrp1 ligand Sema4a was enriched on
tumour-infiltrating plasmacytoid dendritic cells, which are
thought to aid Tregs in promoting tolerance induction [110].
Cre/Lox-based Foxp3-specific ablation of Nrp1 reduced tu-
mour growth in colon carcinoma (MC38), melanoma

Table 2 Tregs are associated with tumour metastasis and are present in the metastatic foci of several murine tumour models

Treg subtype Type of cancer Cell line/tumour model Tregs associated
with metastasis?

Tregs present in metastatic foci? Reference

CD4+CD25+Foxp3+ Breast cancer and
melanoma

4T1 and B16F10 Yes Yes, metastastic lungs, tumour-
draining lymph nodes

[126]

CD25+Foxp3+ Breast cancer 4T1 and 4T1-Luc2-GFP Yes Yes, metastatic lungs [133]

CD4+Foxp3+ Breast cancer Spontaneous MMTV-PyMT Yes Not examined [108]

CD4+Foxp3+ Melanoma B16F10-Luc Yes Yes, metastatic lungs [125]

CD4+CD25+Foxp3+ Melanoma B16F10 Yes Not examined [142]

CD4+Foxp3+ Colon, pancreatic
cancer, melanoma

Panc1, MIAPaca, PK1, HS294T,
HCT116, B16F10

Yes Not examined [114]

CD4+Foxp3+ Colon cancer,
fibrosarcoma

MC38, MCA310 Yes Yes, tumour-draining lymph
nodes

[132]

CD4+Foxp3+ Breast and melanoma 4T1,4T1.2, 4T1.2-PE B16F10 Yes Yes, tumour-draining lymph
nodes

[133]
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(B16.F10) and thymoma (EL4) [110]. Furthermore, Tregs
from B16 tumour-bearing mice lacking Nrp1 had fewer lung
metastases and increased intratumoural CD8+ T cells express-
ing IFNγ and TNFα, suggesting that Tregs promoted metas-
tasis of melanoma cells through the induction of intratumoural
tolerance [110]. Nrp1 expressing Tregs are recruited by
intratumoural expression of their cognate ligand vascular en-
dothelial growth factor (VEGF) [115]. Blockade of this sig-
nalling axis through ablation of Nrp1 or VEGF significantly
reduced intratumoural Treg accumulation and resulted in at-
tenuated tumour growth and increased activated CD8+ T cell
infiltrates in murine models of melanoma and fibrosarcoma
[115]. These findings suggest that Nrp-1 expression stabilizes
the Treg phenotype and permits Treg migration toward a
gradient of VEGF. Once in the tumour, Nrp-1+ Tregs contrib-
ute to tolerance and tumour dissemination [110, 115]. Addi-
tionally, these studies provide mechanistic insight into previ-
ous observations of the correlation between VEGF levels and
Treg infiltration in ovarian [116] and breast cancer [117].

Aside from suppressing innate and adaptive immunity
against tumour cells, Tregs may facilitate cancer progression
by directly promoting tumour cell angiogenesis and invasion
(Fig. 1a). CD4+CD25+ cells purified from the peripheral blood
mononuclear cells (PBMCs) of patients with stage III or IV
epithelial ovarian cancer, as well as CD4+CD25+Foxp3+

Tregs from murine spleens, secrete VEGF-A and induce en-
dothelial cell accumulation and expansion in vitro [25]. Addi-
tionally, in pre-clinical models, CD4+CD25+Foxp3+ Tregs
were found to produce receptor activator of nuclear factor
kappa-B ligand (RANKL), a factor important for osteoclast
differentiation and activation, as well as mammary gland
lactational hyperplasia [118]. RANKL production in

metastatic mammary carcinomas overexpressing the proto-
oncogene Erbb2 directly stimulated the invasion of RANK+

breast tumour cells by suppression of the metastasis inhibitor
maspin [24]. These studies highlight that Tregs may promote
metastasis by mechanisms other than immune suppression,
although the direct impact of Tregs on tumour cells to facili-
tate metastasis warrants further study.

Tregs play an active role in promoting tumour growth and
may directly promote metastasis by interacting with tumour
cells to suppress metastasis inhibiting factors, such as maspin,
or by releasing angiogenic factors like VEGF-A. Tregs can
also indirectly promote tumour spread by suppressing tumour-
specific cytotoxic responses, and these findings highlight the
role of tumour-infiltrating Tregs in promoting the growth of
primary tumours and dissemination ofmetastatic tumour cells.
Interestingly, emerging pre-clinical evidence suggests that
Tregs may also influence the development and growth of
metastatic tumour foci by accumulating in tissues distant from
the primary tumour.

6 Accumulation of Tregs in metastases

Tregs are enriched within the metastatic lymph nodes [119,
101, 120, 121] and peritoneal metastases [122] of some cancer
patients; however, the association of Tregs with the incidence
of recurrent disease varies with the type of cancer. For in-
stance, CD4+CD25+Foxp3+ Tregs were increased in metasta-
tic lymph nodes of patients with recurrent papillary thyroid
cancer (PTC) versus metastases-free nodes [101]. Corre-
spondingly, metastatic lymph nodes with evidence of
extranodal invasion had a high frequency of PD-1+ T cells,

Table 3 Tregs are associated with tumour metastasis and are present in the secondary foci of several human tumours

Treg subtype Type of cancer Cell line/tumour model Tregs associated
with metastasis?

Tregs present in
metastatic foci?

Reference

CD4+CD25+Foxp3+

RANKL+
Breast cancer HER2+ breast tumours Yes Not examined [24]

CD4+Foxp3+ Ovarian cancer Muc1+ tumours Yes Not examined [155]

CD4+CD25high Ovarian cancer Epithelial ovarian carcinoma,
various subtypes and stages

Yes Yes, peritoneal metastases [122]

CD4+CD25highCD127low/- Head and neck
squamous

HNSCC, various subtypes,
stages T1–T4

Yes Not examined [156]

CD4+CD25+Foxp3+ Lung Cancer NSCLC, adenocarcinoma and
squamous cell carcinoma,
stages T1–T4

Yes Yes, mediastinal and
tumour draining
lymph nodes

[157]

CD4+CD25+Foxp3+ Papillary thyroid
cancer

Patients undergoing primary
thyroidectomy and neck
dissection

Yes Yes, metastatic
lymph nodes

[101]

Foxp3+ Gastric cancer Patients who have previously
undergone gastrectomy,
stages T1–T4

Yes Yes, regional metastatic
lymph nodes

[120]

CD4+CD25+CD127dim/- Colorectal Patients presenting with liver
metastases

Yes Not examined [43]
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and the expression of PD-1 has been associated with T cell
exhaustion and as a mechanism of immune suppression uti-
lized by Tregs [101]. Concurrent Foxp3 and PD-1 expression
was therefore suggested as a biomarker of aggressive or
recur ren t d i sea se in pa t i en t s wi th PTC [101] .
CD4+CD25+CD127low/- Tregs have also been shown to accu-
mulate in the axillary tumour draining lymph nodes (TDLNs)
of previously untreated breast cancer patients and to de-
crease the expression of pro-inflammatory factors such as
IL-17 and IFNγ [119]. It is thought that through this mech-
anism, these regulatory cells thereby function to skew the
immune response toward an anti-inflammatory, pro-
tumorigenic phenotype within TDLNs to facilitate tumour
metastasis [119] (Fig. 1c). Additionally, sentinel lymph

nodes (SLN) of breast cancer patients positive for Foxp3+

lymphocytes and IDO were highly associated with metasta-
tic disease [121]. Patients with gastric cancer have also
displayed elevated levels of Foxp3+ Tregs in primary le-
sions as well as metastatic lymph nodes [120]. The accu-
mulation of Foxp3+ lymphocytes in gastric tumours was
inversely correlated with CD83+ dendritic cell density and
was associated with tumour progression and poor prognosis
[120]. Unfortunately, the study of Tregs in humans is largely
restricted to the primary lesion, blood or lymphatics (due to
the relative ease of obtaining diagnostic tissue biopsies and
blood samples), and there is a paucity of clinical informa-
tion regarding the presence of Tregs in other organs that
harbour tumour metastases (Table 3).

Fig. 1 Tregs promote metastasis of the primary tumour through a direct
mechanisms such as RANKL expression and maspin suppression in
RANK+ tumour cells or through secretion of the angiogenic factor
VEGF-A. Tregs may indirectly promote tumour metastasis by suppress-
ing intratumoural immunity using contact-dependant or contact-indepen-
dent mechanisms. Depending on the type of cancer, tumour cells may
metastasize via the bloodstream or lymphatics to a variety of secondary
organs such as the lungs or lymph nodes. b In the metastatic lungs,
tumour cells can induce tolerance by secreting factors chemotactic for
Tregs, including CCL17 and CCL22 in the 4T1 model of murine

mammary carcinoma. Once recruited to the metastatic lungs, Tregs may
inhibit the function of cytotoxic T lymphocytes (CTLs) or initiate the
apoptosis of CTLs and/or NK cells. c In the metastatic lymph nodes, DCs
loaded with tumour antigen prime CTLs for the recognition and destruc-
tion of tumour cells. DCs may also induce Treg generation through the
secretion of soluble factors such as TGF-β, IL-10, retinoic acid, IDO and
vitamin D. Furthermore, DCs can activate tumour-antigen specific Tregs
which then suppress anti-tumor cytotoxicity in an antigen specific or non-
specific manner
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Tregs have been isolated from the peritoneal metastases of
ovarian cancer patients [122], although CD4+CD25high cells
present in peritoneal metastases were associated with im-
proved overall and progression-free survival. While these
findings may be attributed to the inclusion of activated con-
ventional T cells in the analyzed population of CD4+CD25high

cells [122], it remains possible that Treg infiltration into
tumour metastases may result in improved outcome for some
tumour types. Thus, establishing how Tregs may influence
metastatic tumour growth in patients must be addressed before
therapeutic strategies to target Tregs can be implemented in
the clinic. Interestingly, Tregs have also been identified and
isolated from the lungs of mice bearing metastatic primary
tumours [123–131] as indicated in Table 2, where they pro-
mote metastatic tumour growth in lung tissue.

Immune suppressive Tregs have been observed in the lungs
of mice bearing metastatic breast tumours (4T1, 4T1.2) [123,
124, 126–128, 130, 131], melanoma (B16F10) [125], colo-
rectal cancer [129, 132] and acute lymphoblastic leukaemia
(CCRF-CEM) [124]. Importantly, ablation or inhibition of the
regulatory T cell population using a variety of methods
(outlined further below) hindered the development of pulmo-
nary metastases [108, 126, 130, 131], providing evidence that
Tregs may promote metastatic growth in these model systems.

7 Functions of Tregs in promoting the growth ofmetastatic
foci

It is known that within the primary tumour, Tregs may sup-
press tumour-specific cytotoxic immune responses or directly
interact with tumour cells to facilitate proliferation and metas-
tasis of the malignancy. However, both the recruitment of
Tregs to metastatic sites and the potential activity of Tregs in
metastatic target organs are less clear. A study by Biragyn
et al. [124] found that tumour-bearing lungs secreted CCL22
and CCL17 to recruit CCR4+ Tregs [130] (Fig. 1b). Once in
the metastatic lungs, Tregs initiated the apoptosis of natural
killer cells via the production of beta-galactoside-binding
protein (β-GBP) (Fig. 1b) [130]. Tregs have also been ob-
served to accumulate in the metastatic lungs of a murine
model of melanoma (B16F10), where they were associated
with the generation of anti-tumour tolerance and metastatic
foci development [125]. In this study, administration of re-
combinant TNF was found to promote tumour metastasis and
was associated with enhanced recruitment of Tregs to meta-
static lungs. Pulmonary-infiltrating Tregs were preferentially
enriched for TNF-R2 expression and promoted a tolerogenic
environment that fostered metastatic tumour growth, evident
by a reduction in the number of CD8+ T cells in the metastatic
lungs of mice given TNF [125]. Furthermore, ablation of
Tregs by adminis t ra t ion of d iphther ia toxin to
B6.Foxp3.Luci.DTR-4 mice significantly reduced pulmonary

metastasis, even in the presence of recombinant TNF, sug-
gesting that Tregs were necessary to facilitate melanoma
metastasis [125].

In a subsequent study, Biragyn et al. (2011) found that
tumour-evoked CD25+CD19+B220+ regulatory B cells
(tBregs) constitutively expressing signal transducer and acti-
vator of transcription 3 (STAT3), a key transcriptional regula-
tor of cytokine and growth factor signalling, promoted the
pulmonary metastasis of tumour cells by facilitating the
TGF-β-dependant generation of Tregs that suppressed T cells
in vitro [131]. Importantly, the adoptive transfer of tBregs
from Balb/c mice in conjunction with CD4+CD25- non-
Tregs was sufficient to facilitate the lung metastasis of 4T1
cells in NOD/SCIDmice [131]. Immunodeficient NOD/SCID
mice lack functional T cells and B cells and, therefore, the use
of this model removes the confounding affect of host Tregs in
metastasis. This finding was also supported in a study using
resveratrol (RSV) to inactivate STAT3. RSV treatment
prevented tBreg formation, thereby dampening TGF-β pro-
duction and Foxp3+ Treg generation to hinder pulmonary
metastasis [133]. In the pre-metastatic lungs of 4T1 tumour-
bearing mice, CD4+ and CD8+ T cells were suppressed by a
signalling axis that involved complement anaphylatoxin C5a
receptor (C5aR) [134]. C5a expression in the lungs preceded
tumour cell arrival and recruited C5aR+MDSCs that favoured
Treg development via the production of TGF-β and IL-10
[134]. Importantly, by generating an immune suppressive
microenvironment, C5aR facilitated the development of lung
metastases [134].

Tregs have been shown to participate in the metastasis of
primary tumours as well as in the initiation and development
of metastatic foci in pre-clinical tumour models. Additional
study is needed to determine if there are preferential mecha-
nisms of immune suppression utilized by Tregs within meta-
static foci or if Tregs display non-immune-related functions in
distant tissues that may promote metastatic tumour develop-
ment and growth. It also remains to be determined if mecha-
nisms of Treg accumulation and immune suppression ob-
served in pre-clinical tumour models occur in cancer patients.
Knowledge of Treg function at primary and secondary tumour
sites may facilitate the design of therapies that help to prevent
tumour cell dissemination as well as the development of
metastatic tumour foci. Treatments of this nature could be
advantageous in combination with current immunotherapies
to stimulate anti-tumour immune responses while depleting
tumour-specific immune suppressive Tregs in patients with
potential or established metastases.

8 Methods to target Tregs

The presence of Tregs in the tumour microenvironment can
create tolerance toward tumour antigens [135], and Tregs may
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promote the growth and spread of many malignancies by
suppressing the function of tumour-antigen-specific effector
T cells and APCs [136]. By suppressing anti-tumour cytotox-
icity, Tregs limit the efficacy of immune-stimulating therapies
in eradicating tumours. Targeting Tregs either as a monother-
apy or as an adjuvant to vaccination has emerged as a viable
immunotherapeutic strategy to break tolerance against tumour
antigens [137]. Several lines of therapy have been developed
to systemically deplete Tregs or hinder their expansion or
immune suppressive function. Taxanes, as well as CD25
blocking antibodies or antibody-conjugated immunotoxins,
such as denileukin diftitox, have been shown to deplete Tregs
[138, 139], whereas tyrosine kinase (TK) inhibitors such as
imatinib have been shown to reduce Treg expansion [138].
The immune suppressive function of Tregs can be attenuated
by TK inhibitors, low-dose cyclophosphamide, IDO inhibi-
tion or checkpoint blockade of PD-L1 and/or CTLA-4 [137].
Depending on the therapeutic utilized, the global modification
of Tregs has been associated with off-target elimination of
effector T cells, increased conversion of effector T cells to
Tregs or, in contrast, the development of an autoimmune
phenotype [138]. Attempts to target global populations of
Tregs are limited by the systemic requirement for these cells
to maintain peripheral tolerance, and therefore therapeutic
strategies to specifically target Tregs that accumulate in solid
tumours would represent a significant advancement in the
treatment of many malignancies.

9 Impact of Treg ablation onmetastasis andmetastatic foci
development

Tregs have been targeted in several pre-clinical tumour
models including osteosarcoma [140], breast cancer [141,
124, 142], melanoma [143], hepatocellular carcinoma [144],
colorectal [129] and renal cancers [145]. In many cases, the
ablation or functional inactivation of the regulatory cell pop-
ulation is associated with primary tumour regression and the
prevention or inhibition of metastases development [141, 124,
142–144, 129]. However, additional research is necessary to
clarify whether the observed reduction in metastases develop-
ment upon ablation or functional inhibition of Tregs is attrib-
uted to a localized and specific effect on metastatic foci or to a
regression of the primary tumour and concomitant decrease in
tumour cell dissemination. For example, treatment of tumour-
bearing mice with the adenosine A2B receptor antagonist
PSB603 reduced splenic Treg accumulation, primary tumour
growth and pulmonary nodule formation in a B16F10 model
of melanoma without directly affecting tumour cell viability
[143]. This effect was attributed to reduced generation of
pTregs from CD4+ T cells and increased systemic populations
of helper and cytotoxic T cells leading to an increased anti-
tumour cytotoxicity response [143]. In a subsequent study,

treatment of HER2+ tumours with the MVA-BN®-HER2, a
Vaccinia Ankara-based recombinant vaccine, was associated
with regression of pulmonary tumour cell foci generated by
i.v. injection of CT26-HER2+ tumour cells and a decrease in
intrapulmonary Tregs [129]. Following administration of
MVA-BN®-HER2, the frequency of Tregs within the pulmo-
nary lesions of a murine lung metastasis model (CT26-
HER2+) corresponded with increased infiltration of functional
HER-2 specific CD8+CD11c+ T cells [129]. Depletion of
CD25+ Tregs with an anti-CD25 monoclonal antibody
(PC61) reduced pulmonary tumour burden; however, its com-
bination with MVA-BN®-HER2 was most efficacious in
prolonging survival [129]. Thus, while a few studies have
suggested that Tregs may impact metastatic tumour growth
independently from decreasing primary tumour growth, addi-
tional Treg inhibitory studies are necessary using pre-clinical
models of spontaneous and experimental metastasis to further
define Treg function at metastatic sites.

Methods of Treg specific inactivation have been developed
in murine systems using targeted anti-sense oligonucleotide
delivery systems such as TARC-arp and RANTES-arp. The
‘arp’ domains represent a single DNA/RNA-binding domain
(RBD) from the capsid of hepatitis B virus (HBV) fused to
TARC (CCL17) or RANTES (CCL5) to permit Foxp3 siRNA
binding by the associated chemokine. TARC and RANTES
are chemotactic for CCR4- and CCR5-expressing cells, re-
spectively [124]. These chemokines are internalized into the
cytosol of cells expressing the appropriate receptors to tran-
siently silence Foxp3 expression and function with antisense
oligonucleotide/RNAi [124]. In the 4T1.2 model of breast
cancer, treatment of mice with TARC-arp conjugated to
siRNA reduced Foxp3 expression up to 50 % in CCR4+

Tregs. Inactivation of CCR4+ Tregs resulted in a substantial
reduction in pulmonary metastasis [124]. A reduction in pul-
monary metastatic foci was also observed when IL-10 was
knocked out or silenced with TARC-arp siIL-10, affirming an
important role for IL-10 in mediating the immune regulatory
functions of Tregs [124]. Chemo-arp systems, such as those
discussed above, have not yet been applied in therapeutic
settings, but could potentially be adapted for use in cancer
patients for the selective silencing of genes in Tregs. A reduc-
tion in metastasis and metastatic foci development with the
disruption of Tregs has also been observed in osteosarcoma,
where administration of anti-CD25 monoclonal antibody
(PC61) systemically depleted Tregs and corresponded with
regression of the primary tumour and a decrease in the number
and size of lung and liver metastases [140]. Overall, the
reduction in metastasis associated with Treg ablation seems
to be attributed to a decrease in Treg differentiation or accu-
mulation in the primary tumour coupled with an increase in
effector cells with anti-tumour activity.

While several pre-clinical studies have investigated the
therapeutic potential of targeting Tregs to reduce murine
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primary tumour growth and metastasis, there are several drugs
in clinical trial as immune-based therapeutics for cancer pa-
tients that may also target Tregs. For the treatment of HER2-
positive breast cancer, novel vaccination approaches to break
immune tolerance toward HER2 have been employed using
attenuated bacteria (Listeria monocytogenes) designed to se-
crete adjuvant fusion proteins to stimulate an immune re-
sponse against HER2 [146]. One such vaccine, ADXS31–
164, stimulated an effector response against HER2, increased
the CD8+/Treg ratio and delayed tumour progression [146].
Live-attenuated L. monocytogenes vaccines (Lm-LLO) have
been used in phase I clinical trials for advanced cervix carci-
noma [147]. Interestingly, the administration of Lm-LLO
vaccines in pre-clinical models decreased the suppressive
activity of MDSCs and Tregs, associated with a reduction in
IL-10 and arginase I expression [148]. Additional approaches
to target HER2 involve the use ofMVA-BN®-HER2, which is
currently in phase I clinical trial for breast cancer
(NCT0048277) [129].

Cyclophosphamide (CTX), a nitrogen mustard alkylating
agent, is frequently used in a clinical setting for the treatment
of a variety of solid tumours and has also been shown to
deplete Tregs. In one study, repeated low-dose administration
of CTX as a monotherapeutic agent in treatment-refractory
patients with metastatic (stage IV) breast cancer initially re-
duced circulating Tregs by 40 % [142]. However, the level of
functionally immune suppressive Tregs rebounded 42 days
after initial drug administration to reach pre-treatment levels
by day 84 [142]. This transient Treg depletion corresponded
with an increase in the generation of tumour reactive effector
cells that were stable in frequency throughout the treatment
period [142]. In contrast, a single dose of cyclophosphamide
administered in combination with the non-specific immune-
stimulating agent bacille Calmette–Guérin (BCG) failed to
alter Treg number or function in patients with metastatic
cancers of the breast, lung, kidney, stomach, colon, bladder
or prostate [149]. These results suggest that a single treatment
with CTX is insufficient to deplete circulating Treg numbers
and that perhaps continuous low-dose (i.e., metronomic [150])
treatment with CTX may be necessary to increase the overall
survival of patients with metastatic cancer [149]. The mecha-
nism for CTX depletion of Tregs is unclear; however, the
effect of this drug is thought to be related to an increase in
the availability of tumour antigens and/or a transient decrease
in functional Tregs with the preservation of conventional T
cells [149, 142].

Many drugs that are capable of depleting Tregs have been
investigated as a combination therapy with immune-
stimulating agents. A recent study by Quezada et al. investi-
gated the efficacy of administration of anti-CTLA-4 in com-
bination with an irradiated tumour cell vaccine actively se-
creting GM-CSF (GVAX+α) to protect against B16-BL6
melanoma progression [151]. When administered separately,

these agents were unable to prolong survival; however, when
given in combination, they significantly reduced tumour pro-
gression and increased the Teff/Treg ratio [151]. A separate
study examined the role of combination therapy for the de-
pletion of Tregs using an orthotopic, polyomavirus middle-T
antigen-driven model of breast tumour progression in
Foxp3DTR mice [108]. Whereas αCTLA-4 or αPD-1 +
αPDL1 alone did not cause a significant reduction in tumour
burden, administration of diphtheria toxin to ablate Tregs in
conjunction with either αCTLA-4 or αPD-1 + αPDL1 signif-
icantly decreased tumour volume [108]. Additionally, diph-
theria toxin administration alone or in conjunction with
αCTLA-4 orαPD-1 + αPDL1 significantly reduced the num-
ber of metastatic lung foci [108]. Consistent with previous
findings, αCTLA-4 alone did not decrease the number of lung
metastases, whereas αPD-1 + αPDL1 treatment significantly
decreased the number of lung nodules. This study also found
that a single-dose administration of ionizing radiation (12 Gy)
to the tumour in combination with diphtheria toxin adminis-
tration synergistically reduced tumour growth, decreased the
number of metastatic lung nodules and increased the survival
of tumour-bearing mice [108]. These results highlight the
synergistic effect of Treg depletion with immune-stimulating
agents or radiation. However, it should be noted that the
systemic ablation of Tregs has been associated with a myriad
of autoimmune pathologies as well as lymphoproliferative
syndrome, indicating that transient Treg inhibition may be
more ideal for use in the clinic in combination with other
treatments. By inhibiting multiple avenues of Treg function
and recruitment, combination therapies may offer enhanced
specificity for targeting tumour-infiltrating Tregs.

10 Conclusions

The accumulation of Tregs in solid tumours has been associ-
ated with unfavourable prognosis in many pre-clinical tumour
models and cancer patients. However, some clinical studies
have found that intratumoural Treg accumulation can correlate
with improved patient prognosis, especially when associated
with an increase in intratumoural CD8+ TIL. Collectively, it is
important to consider the net result of immune cell interactions
in the primary tumour microenvironment and observed differ-
ences between tumour types when considering how Tregs
may influence patient prognosis. Ultimately, the clinical rele-
vance of tumour-infiltrating Tregs may be best studied by
unifying the markers used to define and isolate Tregs and by
better defining the functional role of Tregs within different
types of cancer. In view of the emerging pivotal role of the
host immune system in controlling tumour progression, an
international task force has been initiated to promote the
utilization of a “cancer immunoscore” into routine clinical
practice [152]. This new approach for cancer classification
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provides recommendations for the worldwide harmonization
and implementation of the immunoscore (I) as a new compo-
nent of the tumour-node-metastasis (TNM) cancer classifica-
tion system (TNM-I) [152, 153]. This initiative will provide
important information about the influence of tumour-
infiltrating Tregs (and other immune cells) on therapeutic
outcome, and will help to identify patients that may benefit
from novel therapeutic strategies designed to target Tregs.

The mechanism(s) used by Tregs to promote primary tu-
mour growth seem to vary with the tumour model, and for this
reason, it is important to validate the functions of Tregs most
relevant to tumour progression in cancer patients. Analysis of
Treg immune suppressive activity in patient-derived xeno-
grafts using mice with a humanized immune system [154]
may help to better define the Treg subsets and suppressive
mechanisms most relevant to clinical tumour progression.
Within the primary tumour, Tregs may indirectly facilitate
tumour progression by suppressing immune-mediated cyto-
toxicity, thereby masking tumour cells from eradication by the
immune system and allowing the cells to metastasize. Tregs
may also directly facilitate tumour progression by releasing
VEGF or by reducing the expression of the metastasis-
inhibiting factor maspin. Overall, the protumorigenic func-
tions of Tregs have been linked to tumour cell dissemination
from the primary tumour to secondary sites. Tregs have also
been identified within metastatic lymph nodes and peritoneal
metastases of cancer patients and in the lungs of mice bearing
metastatic primary tumours. Relatively few mechanisms have
been established describing the recruitment of Tregs to meta-
static target organs or the role of Tregs within metastatic foci;
however, evidence suggests that the induction of tumour-
antigen tolerance at secondary sites is likely important for
metastatic outgrowth. It remains to be determined if similar
immune suppressive mechanisms are used by Tregs at the
primary tumour and within metastatic foci. If so, targeting
conserved avenues of Treg function at multiple tumour sites
may enhance anti-tumour immunity and the eradication of
disseminated tumours.

While the ablation of Tregs has been shown to increase
anti-tumour immunity in some tumour models, especially
when administered as a combination therapy with immune
stimulating agents, therapies to ablate Tregs are complicated
by the systemic requirement of tTregs for the maintenance of
peripheral tolerance. In the absence of Tregs, chronic inflam-
mation and autoimmune conditions may develop, suggesting
that targeting specific tumour-promoting functions of Tregs
may represent an attractive alternative to directly targeting
Tregs themselves. Regardless, the ablation or functional inac-
tivation of Tregs has been shown to induce primary tumour
regression and the prevention or inhibition of metastases
development in several tumour models, providing support
for the concept that targeting Tregs to reduce tumour burden
may represent a viable therapeutic strategy. As tumour-

infiltrating Tregs may be of thymic or peripheral origin, the
identification of a single marker or set of markers that could be
used to specifically target the intratumoural Treg population
remains an open question. Additional studies to determine the
context in which Tregs promote or inhibit tumour progression
is also critical to the development of therapeutic strategies to
target Tregs in patients. Ultimately, the study of Treg pheno-
type and function within the primary tumour and metastatic
foci should aid in the design of therapies with increased
specificity for the elimination of intratumoural Tregs while
minimizing the disruption of peripheral tolerance.
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