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Abstract: Radiation remains an important component of cancer treatment. In addition to inducing tumor cell death
through direct cytotoxic effects, radiation can also promote the regression of tumor via augment of immune response. Regulatory T cells (Tregs) are a unique subpopulation of CD4 positive cells, which are characterized by
expression of the forkhead box P3 (Foxp3) transcription factor and high levels of CD25. Mounting evidence has
shown that Tregs are implicated in the development and progression of various types of cancer, which makes Tregs
an important target in cancer therapeutics. Generally, lymphocytes are regarded as radiosensitive. However, Tregs
have been demonstrated to be relatively resistant to radiotherapy, which is partly mediated by downregulation of
pro-apoptotic proteins and upregulation of anti-apoptotic proteins. Moreover, radiotherapy can increase the production of Tregs and the recruitment of Tregs to local tumor microenvironment. Tregs can attenuate radiation-induced
tumor death, which cause the resistance of tumor to radiotherapy. Recent experimental studies and clinical trails
have demonstrated that the combination of radiation with medications that target Tregs is promising in the treatment of several types of neoplasms. In this review, we discussed the effect of radiation on Tregs in physiological
states and cancer. Further, we presented an overview of therapies that target Tregs to enhance the efficacy of radiation in cancer therapeutics.
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Introduction
Radiotherapy constitutes a mainstay in cancer
therapy. Although radiation has been thought
to induce tumor cell death via direct cytotoxic
effects, various studies has shown that radiation can lead to the regression of tumor by
enhancing immune response [1]. For instance,
radiotherapy is associated with the spontaneous regression of metastatic tumor that is distant from the irradiated location [2]. This phenomenon, which is known as the “abscopal
effect”, is demonstrated to be at least partially
mediated by activation of immune system [1,
2]. The titer of antibody that is against specific
tumor antigen was markedly elevated in the
serum of the patient after completing radiotherapy, which was also correlated with a therapeutic response [2].

Multiple mechanisms have been unraveled to
be involved in the radiation-mediated immune
response. Tumor cells often escape immune
surveillance by loss of expression of tumor specific antigens. Radiation can cause the release
of tumor specific antigens that are subsequently presented by dendritic cells to initiate a T-cell
dependent immune response. Radiation can
also promote immune recognition by increasing
the expression of major histocompatibility complex-I molecules (MHC-I), which are downregulated by tumor cells. The increased expression
of MHC-I molecules can facilitate the presentation of new peptides generated by tumor cells,
further augmenting anti-tumor response. Aside
from effects on tumor antigen presentation,
radiation can upregulate the expression of Fas
antigen, a molecule that is actively involved in
lymphocyte-mediated cytotoxicity, thus sensi-
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tizing tumor cells to T-cell mediated cytotoxicity [3]. Additionally, the expression of NKG2D
ligands, which can be induced under cellular
stress, is increased by radiation through activation of ATM pathway [4]. Ligation of NKG2D
receptor that is expressed on activated T cells
and NK cells by NKG2D ligand results in increased production of cytokine and cytotoxicity in
both CD8+ T cells and natural killer (NK) cells [5,
6].
In addition to direct effects on tumor cells,
radiotherapy is capable of enhancing immune
response by modulating the tumor microenvironment. The tumor microenvironment is composed of stromal cells that consist of fibroblasts, endothelial cells as well as various leukocytes, cytokines and the extracellular matrix
[7]. Radiation can promote leukocyte adhesion
and migration by up-regulating the expression
of adhesion molecules including vascular cell
adhesion protein 1 (VCAM-1), E-selectin, and
intercellular adhesion molecule 1 (ICAM-1) on
endothelial cells. Further, radiation can increase vascular permeability and chemokine expression, resulting in more recruitment of T
cells into the tumor microenvironment. The
detailed mechanisms by which radiation modulates the tumor microenvironment are out of
the scope of this review, which has been extensively reviewed elsewhere [7].
T Regulatory cells (Tregs) constitute a unique
subpopulation of CD4+ cells which constitutionally express the forkhead box P3 (Foxp3) transcription factor and high levels of CD25 on their
surface [8]. Tregs account for 5-10% of peripheral CD4+ T cells in physiological condition in
rodents and humans, and play a crucial role
in mediating immune homeostasis, as well
as maintaining self-tolerance [9]. Moreover,
Tregs are engaged in the suppression of tumor-induced immune responses, which makes
them one of the attractive targets of cancer
therapeutics. In this review, we will discuss the
effect of radiation on Tregs in physiological conditions and pathological states. Further, we will
present an overview of therapies that target
Tregs to enhance the efficacy of radiation in
cancer therapy.
Physiology of Tregs
Tregs are characterized by expression of transcription factor Foxp3, a member of the fork-
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head transcription factor family, which is specific for distinguishing Tregs from other T helper
subsets. Expression of Foxp3 is central to the
development, maintenance and function of
Tregs [10]. Mice with loss-of-function Foxp3
mutation lack functional Tregs, and eventually succumb to lymphoproliferative diseases.
Similarly, humans with hypomorphic Foxp3
mutation present with immunodysregulation
polyendocrinopathy enteropathy X-linked syndrome (IPEX) [11]. Accordingly, changed prevalences and functional deficits of Tregs are associated with a multitude of autoimmune diseases [12]. Persistent Foxp3 expression is indispensable for Tregs to maintain their suppressive functions. Deletion of Foxp3 in differentiated mature Tregs leads to the dysregulation of
its target genes and the loss of suppressive
function [13].
Two major subsets of Tregs have been defined
in humans: natural Tregs (nTregs) and inducible
or adaptive Tregs (iTregs). NTregs, which are
derived from the thymus, constitute the majority of Tregs for maintaining peripheral tolerance. Many co-stimulatory signals have been
involved in the development and lineage commitment of nTregs including CD28 ligation by
CD80/CD86, interlukin-2 receptor (IL2R), thymic stromal-derived lymphopoietin receptor
(TSLPR), CD154, glucocorticoid-induced tumor
necrosis factor receptor (GITR), and signal
transducer and activator of transcription 5
(STAT5) signaling [14]. NTregs express various
molecules which mediate tissue and microenvironment homing. After exiting the thymus,
nTregs migrate to the inflammation sites and
suppress various effector lymphocytes, especially helper T (Th) cells including Th1, Th2,
Th17, and follicular Th (Tfh) cells [15]. NTregs
mediate immune suppression that requires
cell-to-cell contact mechanisms including the
granzyme B/perforin or Fas/FasL pathways
[16, 17]. ITregs are different from nTregs in their
generation, cell fate and functional stability.
ITregs originate in the periphery under a variety
of conditions, which include not only antigen
presentation under subimmunogenic or noninflammatory conditions, but also inflammation
and infections [18]. It has been demonstrated
that Foxp3+ iTreg cell development requires
at least T cell receptor (TCR) stimulation and
the cytokines transforming growth factor beta
(TGF-β) and interlukin-2 (IL-2) [19]. However,
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unlike nTregs, iTregs do not need costimulation. ITregs suppress antigen-specific T cell response through a cytokine-dependent mechanism through releasing TGF-β, interlukin-10 (IL10) as well as other immunosuppressive factors [20].

promoting inflammatory response to microbes,
accounting for their association with better
prognosis in these cancers [29].

Tregs in cancer

In vitro studies also revealed that Tregs are
involved in the pathogenesis and progression
in cancer. An early study, depletion of Tregs
using anti-CD25 monoclonal antibodies eradicated syngeneic tumors, suggesting that Tregs
were implicated in the growth of these tumors
[30]. Similar results were observed in other
experiments in which removal of CD4+CD25+
cells by immunotoxin-conjugated IL-2 lead to
augmented antigen-specific T-cell immnue response and inhibit tumor growth [31, 32]. In contrast to this, adoptive transfer of CD4+CD25+
T cells, but not CD4+CD25 - T cells derived
from animals immunized with Dna J-like 2, a
SEREX-defined wild-type antigen, significantly
enhanced pulmonary metastasis in recipients,
revealing that the promotion of metastasis
could be partly due to the immunosuppressive
effects of Tregs [33].

Tregs associate with different prognosis in
cancer
In spite of the well-established role of Tregs in
the maintenance of normal immune status,
increasing evidences have revealed that Tregs
are involved in the development and progression of some human malignancies. Foxp3+
Tregs has been shown to be present at high
frequencies in tumor tissues of various types of
cancer such as breast, lung, liver, pancreatic
and gastrointestinal cancers and malignant
melanoma [21]. In addition, the frequency of
Tregs was also increased in the peripheral
blood lymphocyte of patients with head and
neck squamous cell carcinoma (HNSCC) [22].
Furthermore, accumulation of Tregs within tumor samples predicted for worse survival in
patients with ovarian cancer, breast cancer,
and gastric cancer [23]. And another study
also showed that a high regulatory/CD8+ T cell
ratio was predictive of unfavorable prognosis in
ovarian cancer [24]. It could be expected since
Tregs-mediated suppression eliminates antitumor function of effector cells, thus favoring
tumor growth. However, evidence indeed exists
that enrichment of Foxp3+ Tregs, as determined by immunohistochemistry (IHC), does not
always indicate a poor prognosis. Studies have
identified Tregs infiltration as a favorable prognostic factor in colon cancer and ovrian cancer
patients, indicating a more complicated role for
Tregs in the prognosis of cancer patients [2527]. There are several reasons for this discrepancy. It is known that Tregs exert inhibitory
functions in some contexts but not others.
Besides, in some cancers, Tregs are positively
correlated with tumor-infiltrating CD8+ T cells, T
helper 17 (Th17) cells or other effectors [28],
all of which are usually predictive of better prognosis. As a result, in this context, Tregs being
identified as a favorable predictor may be probably due to its association with the count
of tumor-infiltrating cells. Furthermore, other
studies have suggested that, in gastric and
colorectal cancers, Tregs may suppress tumor-
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Tregs are involved in the pathogenesis and
progression in cancer

Tumors have evolved multiple mechanisms to
attract the migration of Tregs. Tumors have the
capacity to produce chemokines that promote
Tregs recruitment. An early study identified C-C
motif chemokine 22 (CCL22) and its receptor
C-C chemokine receptor type 4 (CCR4) as important factors that promote the recruitment
of Tregs to human ovarian cancers [34]. CCR4
expressed on Tregs, enables Tregs migration
toward CCL12 tumor-associated macrophages
in the microenvironment, thus promoting the
accumulation of Tregs within the tumor microenvironment [34]. Further, the addition of neutralizing antibody against CCL12 greatly attenuated the ability of malignant ascites to recruit
Tregs in an in vitro assay [23]. After the initial
report, an increasing number of chemokine
ligand-receptor pairs, often refereed to as chemokine-receptor axes, have been found to be
implicated in the trafficking of Tregs to different
types of cancers [35]. The importance of chemokine-driven Tregs trafficking to tumor sites
provides a basis for therapies blocking this
process.
After migrating to tumor locations, Tregs begin
to exert their suppressive functions through
diverse pathways. In vitro studies demonstrat-

Am J Cancer Res 2015;5(11):3276-3285

Effects of radiation on T regulatory cells
ed that Tregs derived from tumor tissues
blocked the production of INF-γ and IL-2 by
effector T cells and attenuated the cytotoxicity of tumor antigen specific T cells [23,
36]. Expression of a dominant-negative TGF-β
receptor by CD8+ T cells rendered them resistant to suppression by Tregs, indicating that
Tregs suppress tumor-specific CD8+ T cell cytotoxicity through TGF-β signaling [37]. And in a
model of ultraviolet-radiation-induced carcinoma, IL-10 produced by Tregs appeared to be
important for dampening anti-tumor immunity
[38]. Furthermore, in patients with head and
neck squamous-cell carcinoma, with the neutralizing antibodies to TGF-β and IL-10, the suppression of Tregs on autologous T cells was
completely abrogated [39]. There was an interesting phenomenon in this study in which the
combination of neutralizing antibodies to IL-10
and TGF-β completely eliminated suppression
of Tregs in the presence or absence of the
Transwell insert, while Transwell inserts without
the blocking antibodies reduced suppression
by 50%, indicating that these cytokines might
be indispensable for the suppression by Tregs
and surface molecules on Tregs are also implicated in suppression mediated by cell-to-cell
contact.
The effect of radiation on Tregs
Different studies have been conducted to decipher the impact of radiation on Tregs. Although
the idea that radiation drives Tregs to protect
tissues against radiation seems plausible, it
should be noted that the effect of radiotherapy
on Tregs is context-dependent. Several factors
should be taken into consideration including
radiation doses, radiation modalities (whole
body or located) and models used in the studies (disease or normal).
Irradiation-induced shift in the population of
Tregs
The preferential survival of CD4+CD25+ T cells
was noted in mice treated by low dose total
body irradiation as the fraction of CD4+CD25+
T cells increased following radiation [40]. And
these CD4+CD25+ T cells could ameliorate
chronic graft-versus-host disease, suggesting
that these cells preserved immune regulatory
properties. This interesting study raised the
possibility that Tregs could survive and even
function after irradiation. The radioresistant
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character of Tregs was further confirmed in the
study by Komatsu et al., in this study, peripheral
expansion of radioresistant host Tregs restored
and maintained normal Tregs homeostasis in
lethally irradiated wild-type host mice transplanted with bone marrow cells from scurfy
mice genetically lacking Foxp3 expression, thus
preventing development of a fatal autoimmune
disease [41]. Additonally, a recent study by Qu
et al. also confirmed that CD4+CD25highFoxp3+
Tregs are more resistant to gamma irradiation
than other T cells [42].
There have been studies elucidating the mechanisms underlying the radioresistance of Tregs.
Tregs were less prone to radiation-induced
apoptosis than CD4+Foxp3 - T cells [43]. In the
study by Qu et al., Bcl-2, which has the functions to repress cell death, is expressed at
higher levels in irradiated CD4+CD25high T
cells than in irradiated CD4+CD25 - cells [42].
However, the increased expression was not replicated in another study, probably being attributed to different models used in these studies
[44]. Expression of GITR was also detected in
irradiated Tregs, which makes Tregs relatively
resistant to apoptotic signals [45]. However,
the preferential survival of CD4+CD25+ T cells
in the irradiated mice might not be simply
attributed to decreased apoptosis induced by
radiation. Other mechanisms may also have a
hand in this process. For example, radiation
itself is able to induce and activate TGF-β,
which is known to drive Tregs. In another study
by Qu et al., the authors found that the percentage of thymic CD4+CD8 - CD25+ Tregs was
also increased, indicating that a low dose
of whole body irradiation stimulated the development of CD4+CD25+ Tregs in the thymus
[46]. Intriguingly, the percentage of CD4+CD25+
Tregs was significantly increased in the periphery of thymectomized mice, reflecting the direct
effect of radiation on the peripheral T-cell subset [46]. A more dynamic increase in the proliferation and regeneration of the Tregs population was noted in the mice eleven days after
irradiation. These results suggest that both the
radioresistance of Tregs and the stimulating
effect of radiation on the production of Tregs
contribute to a relative high count of Tregs in
irradiated mice. Although studies indicated that
radiation might spare Tregs or even increase
the production of Tregs, there are still several
reports with discordant results. Using C57BL/6
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mice that were irradiated with 1.25 Gy of
gamma irradiation, Liu et al. found that lowdose total body irradiation selectively decreased the percentage and absolute count of
Tregs, which was associated with enhanced
antitumor immunity [47]. More in vivo and in
vitro studies are needed to confirm the radioresistance of Tregs.
Irradiation alters the phenotype and function
of Tregs
Radiation modulates Tregs functions by altering the expression of cellular activation markers and cytokine expression. In a study by
Cao et al., compared to the untreated group,
the irradiated Tregs displayed reduced expression of CD62L, Foxp3, CD45RO and increased
expression of GITR in a dose-dependent manner [45]. Interestingly, cytotoxic T-lymphocyteassociated protein 4 (CTLA-4), a molecule that
downregulates the immune system, was upregulated by low dose of γ-ray (1.8 Gy), whereas
high dose of γ-ray (30 Gy) deceased CTLA-4
expression [45]. High dose irradiation (30 Gy)
abolished the suppressive capacity of Tregs on
autologous T cells while relative low dose had
no significant effect on the suppressive function of Tregs, at least partly as a result of
reduced CTLA-4 expression [45]. The irradiated
Tregs significantly exhibited decreased membrane TGF-β expression, which was previously
demonstrated to mediate Tregs suppression
on T cells in a cell-to-cell contact way [45].
High dose irradiation caused increased apoptosis as well as enhanced pro-apoptosis protein Bax expression in Tregs [45]. Tregs isolated
from mesenteric lymph nodes in mice which
received abdominal irradiation failed to suppress CD4+ effector cells, which was correlated
with a decreased mRNA level of Foxp3, TGF-β,
and CTLA-4 [48]. In another study, although
enhanced CTLA-4 and IL-10 expression and
unchanged TGF-β were observed in the irradiated Tregs, the irradiated Tregs showed reduced capacity to suppress effector T cell proliferation, suggesting that changes in other
molecules might be involved in dampening the
functions of Tregs [43].
Radiotherapy modulates Tregs within the tumor microenvironment
Aside from direct effects on tumor cells, radiation has been demonstrated to have pleiotropic
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effects on the local tumor environment [49]. It
is important to recognize the effect of radiation
on Tregs within microenvironment, since these
Tregs directly affect the anti-tumor immunity.
More Nrp1+ Tregs and CCR+ Tregs were presented in tumor-draining lymph nodes from patients
who received higher-dose radiation, compared
to those who received lower dose radiation
[50]. This change was also accompanied with
a significantly inverted CD4/CD8 ratio, which
was associated with reduced anti-tumor immunity. Increased Tregs accumulation were also
observed in the tumor tissues after radiation in
bladder cancer, in this model, radiation-induced
Akt activation was demonstrated to promote
the radiation-induced tumor-infiltrating Tregs
survival [51]. Akt pathway activation also contributed to the irradiation-induced Tregs survival in hepatocellular carcinoma tissues [52]. In
a murine mesothelioma model, local radiation
of primary tumor caused more Tregs infiltration
in primary tumor and secondary tumor [53].
Blockade of TGF-β1 clearly decreased the number of Tregs in the irradiated tumors in a prostate cancer model, suggesting a role of TGF-β1
in the accumulation of Tregs in irradiated tumors [54]. Radiation induced increased TGF-β
and adenosine A2A in head and neck squamous cell carcinoma, which can provide both
a growth and survival advantage to Tregs [55],
to some extent contributing to the accumulation of Tregs within tumor microenvironment.
Although several studies confirmed that local
radiation promoted the accumulation of Tregs
within tumor microenvironment, in a murine D5
melanoma model, after radiation, the relative
reduction in the number of Tregs within the
tumor was greater than the reduction in conventional T cells [56]. This discrepancy could be
due to the fact that a Treg subpopulation that
was sensitive to radiation had been induced
after tumor implantation.
Tregs contribute to the resistance of tumor to
radiation
Tregs can also play an important role in the
resistance of tumor cells to radiotherapy. When
k1106 cells (A human B lymphoma cell line)
were cocultured with regulatory T cells (Tregs)
and irradiated, the apoptosis of k1106 cells
was significantly reduced, indicating an acquired resistance to irradiation [57]. When
mice with inoculated prostate cancer cell lines
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Figure 1. Several mechanisms are involved in the effects of radiation on Tregs. Tregs impair the anti-tumor effect of
tumor antigen specific T cells and contribute to the resistance of tumor to radiation. Immune checkpoint inhibitors
can enhance anti-tumor effect by inhibiting Tregs.

were irradiated with a sub-lethal dose, the
regrowth of irradiated tumors was correlated
with TGF-β1 levels and Tregs infiltration in vivo
[54], whereas blocking TGF-β1 attenuated
Tregs accumulation and improved radiation
response. These findings, although indirectly,
suggest that Tregs contribute to the resistance
of tumors to radiotherapy [54].
Combining radiation with therapies targeting
Tregs
The role of Tregs in the development and progression of tumor provides a basis for targeting Tregs in cancer treatment. Further, the possibility that Tregs attenuate the therapeutic
effect of irradiation makes it rational to combine radiation and therapies that target Tregs.
Several in vitro studies have been conducted to
examine the combining effect of Tregs depletion and irradiation therapy. In a murine prostate tumor model, the administration of antiCD25 antibody significantly improved the efficacy of radiation, resulting in delayed tumor
growth and transient tumor regression [58].
This result suggested targeting Tregs allowed enhancement of radiotherapeutic benefit
3281

through immune modulation. In the advanced
intracerebral B16 mouse melanoma model,
tumors in mice receiving radiation therapy (RT)
plus immunotherapy with Treg-depleting mAb
were significantly smaller than tumors in mice
treated only with radiation [59]. Aside from
anti-CD25 antibodies, cyclophosphamide has
emerged as a clinically feasible agent that can
suppress Tregs [60]. In mouse models of lung
and colon cancer, combined treatment of lowdose cyclophosphamide with radiation significantly depleted Tregs in the spleen and tumor
compared with radiation, which was also associated with increased effector T cell, improved
survival, and suppressed irradiated and nonirradiated tumor growth.
CTLA-4, which is upregulated on the cell surface of Tregs, is a main therapeutic target for
suppressing Tregs function. The study by Wing
et al. revealed that CTLA-4 expressed on Tregs
is critically important for their in vivo and in
vitro suppression [61]. The study by TwymanSaint et al. showed that anti-CTLA4 antibody
predominantly inhibits T-regulatory cells, thereby increasing the CD8+ T-cell to Tregs ratio,
suggesting that anti-CTLA-4 antibody exerts its
Am J Cancer Res 2015;5(11):3276-3285

Effects of radiation on T regulatory cells
immune-enhancing function by modulating
Tregs [62]. In the murine mesothelioma model,
CTLA4 blockade using anti-CTLA-4 antibody
reversed the proportion of Tregs over effector T
cells that was elicited by local radiation, further
activating CD8+ T cells [53]. Combination of
local RT with CTLA-4 blockade inhibited metastases in a mouse model of breast cancer [63].
In this model, combination of local RT with
CTLA-4 blockade led to the development of
an efficient CD8+ T cell-dependent antitumor
immunity, which could not only inhibit primary
tumor growth but also suppress the formation of lung metastasis [63]. In clinic, immune
checkpoint inhibitors including anti-CTLA-4
antibody has shown promise in some types of
cancers, which can be combined with local
radiotherapy, especially in the setting of oligometastatic disease [64, 65]. Increasing preclinical data and several case reports which
show the presence of abscopal effects when
radiotherapy is co-administered with immune
checkpoint inhibitors, suggesting that this
combination may enhance out-of-field tumor
response outside of the primary treatment site
[66, 67]. There are ongoing clinical trials investigating therapeutic efficacy of radiotherapy
and anti-CTLA4 antibody ipilimumab in metastatic, castration-resistant prostate cancer
[68, 69]. And the preliminary results of these
studies are encouraging.
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