
239ISSN 1479-6694Future Oncol. (2016) 12(2), 239–256

part of

10.2217/fon.15.300 © 2016 Future Medicine Ltd

REVIEW

Immunomodulatory effects of radiation: 
what is next for cancer therapy?

Anita Kumari1, Samantha S Simon1, Tomika D Moody1 & Charlie Garnett-Benson*,1

1Department of Biology, Georgia State University, 161 Jesse Hill Jr Dr, Atlanta, GA, USA

*Author for correspondence: Tel.: +1 404 413 5441; cgarnettbenson@gsu.edu

Despite its former reputation as being immunosuppressive, it has become evident that 
radiation therapy can enhance antitumor immune responses. This quality can be harnessed 
by utilizing radiation as an adjuvant to cancer immunotherapies. Most studies combine 
the standard radiation dose and regimens indicated for the given disease state, with novel 
cancer immunotherapies. It has become apparent that low-dose radiation, as well as doses 
within the hypofractionated range, can modulate tumor cells making them better targets 
for immune cell reactivity. Herein, we describe the range of phenotypic changes induced in 
tumor cells by radiation, and explore the diverse mechanisms of immunogenic modulation 
reported at these doses. We also review the impact of these doses on the immune cell 
function of cytotoxic cells in vivo and in vitro.

First draft submitted: 17 August 2015; Accepted for publication: 26 October 2015; Published online: 
1 December 2015

KEYWORDS	  
• cancer • cytotoxic cells 
• immunogenic modulation 
• immunotherapy 
• low-dose radiotherapy 
• radiation • single-dose 
radiotherapy • T cells

The ability of ionizing radiation (IR) to influence the immune response against tumors has become 
more and more attractive as the development of novel cancer immunotherapies (CIT) has rap-
idly expanded and these agents have come into wider clinical use. Beginning in 2010, Provenge 
(Sipuleucel-T), Yervoy (ipilimumab), Keytruda (pembrolizumab) and Opdivo (nivolumab) have all 
received US FDA approval for the treatment of cancer. While only four CITs have received FDA 
approval at this time, there are numerous others under preclinical study and in clinical development. 
As a result, the immune enhancing powers of radiation are becoming a valued aspect and important 
use of radiotherapy (RT) [1].

Radiation can be used as an adjuvant to immunotherapies in several ways. First, it can induce 
a type of cell death in a subset of susceptible tumor cells, which can then activate antigen uptake, 
cell maturation and presentation by antigen-presenting cells (APCs). This immunogenic cell death 
(ICD) is identified by three main hallmarks on tumor cells; calreticulin exposure, ATP release and 
HMGB1 release [2]. APCs responding to ICD can subsequently induce other immune cells that 
are capable of attacking the surviving tumor cells. This body of work has been highlighted in a 
number of excellent reviews [3–7]. Second, radiation can cause molecular alterations in tumor cells 
in a manner that directly sensitizes tumor cells to immune cell-mediated killing. This property of 
radiation is referred to as immunogenic modulation (IM) of tumor cells [8,9]. Pre-existing (endog-
enous) immune cells, or those induced or activated by vaccine, may not be able to act once they reach 
tumors if the tumor microenvironment (TME) is immunosuppressive or the tumor cells themselves 
are suppressive or suboptimal targets. Modulated tumor cells surviving exposure to radiation, either 
because they are radio-resistant or because they receive sublethal doses, can become better targets 
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for antitumor immune cells. Third, radiation 
can alter the activity and function of immune 
cells directly. Which of these three situations 
occurs is likely influenced by the dose and deliv-
ery scheme used (single dose vs separated into 
smaller fractions), though they are likely not 
mutually exclusive.

The immune enhancing effects of RT, and 
the different ways that RT has been combined 
with CITs clinically and preclinically, have been 
recently reviewed elsewhere [10,11]. Exciting out-
comes have been observed in patients receiving 
RT for palliation with no intent to cure [12,13]. 
Similar success has been reported when higher 
doses of RT were used  [14–16]. These clinical 
outcomes are even more exciting because they 
report immune mediated regression of not only 
the irradiated tumor, but also of distant tumors 
outside of the radiation field (i.e.,  abscopal 
response). Though these abscopal responses and 
clinical outcomes are thrilling, there remains 
significant room for improvement [10]. It is not 
fully understood what induces such responses 
on the cellular and molecular level, and it is 
not yet possible to routinely recapitulate these 
outcomes.

The focus of this review is on IM of tumor 
cells and the influence of radiation dose on the 
phenotype of tumor cells. The use of radia-
tion for IM would not rely on RT to induce a 
de novo immune response, but would instead 
be used to specifically complement the elabo-
rate CITs already in development [17,18]. At this 
time, RT is not routinely incorporated into 
most CIT approaches specifically for its IM 
properties. Our review will consider the effect 
of both low doses of radiation (≤2 Gy; see the 
‘Immunomodulation by low-dose radiotherapy’ 
section), and hypofractionated doses (2–25 Gy; 
see the ‘Immunomodulation by hypofraction-
ated doses of radiation’ section), on gene expres-
sion in cells surviving radiation, focusing on 
changes that can directly enhance cellular attack 
of tumor cells. We also consider the impact 
of these radiation doses directly on immune 
cells themselves both phenotypically (see the 
‘Immunomodulation by low-dose radiotherapy’ 
and ‘Immunomodulation by hypofractionated 
doses of radiation’ sections) and functionally 
(see the ‘Immunomodulation at work’ section). 
Studies comparing responses to single dose 
(SD) versus multifraction (MF) delivery have 
been recently reviewed by others  [19,20]. Here 
we leave our review to observations made in 

tumor cells surviving SD radiation, or systems 
where radiation alone has no observable tumor 
control.

●● Immunomodulation by low-dose 
radiotherapy – ≤2 Gy
IM of tumor cells following low-dose 
radiotherapy doses
There are many reports on the ability of IR 
to modulate the expression of genes that are 
important for immune attack of tumor cells. 
However, much of the information available 
is from cells receiving high doses of radiation 
intended to kill tumor cells, and much less 
information is available from tumors treated 
with low or sublethal doses of radiation; yet, 
changes in several important immune genes 
have been reported in tumor cells treated with 
low-dose radiotherapy (LD-RT). MHC-I is 
responsible for presentation of endogenous 
antigens to cytotoxic T lymphocytes (CTLs). 
Reits  et al. exposed a human melanoma cell 
line (MelJuSo) to radiation and quantified cell 
surface MHC-I complexes 18 h later. Radiation 
induced a dose-dependent increase in MHC-I 
expression in vitro and increases in MHC-I 
were observed beginning at 1 Gy. Furthermore, 
they observed more polyubiquitinated pro-
teins available for proteasomal degradation 
after radiation doses as low as 1 Gy. This and 
other studies revealed that radiation can lead 
to more peptide diversity for MHC-I antigen 
presentation, in addition to enhanced MHC-I 
expression [21–23]. The stress ligands MICA/B 
can bind to cognate receptors (NKG2D) on 
cytokine-inducible lymphocytes, NK cells and 
T cells causing activation of these cells  [24]. 
Liu  et  al. irradiated human myeloma cells 
(KAS-6/1) at various doses and analyzed the 
cells for expression of MICA/B 24 h postirra-
diation [25]. A dose-dependent increase in both 
MICA/B expression at doses as low as 2 Gy was 
observed. After appropriate activation, CTLs 
and NK cells can kill tumor targets expressing 
death receptors such as Fas (CD95) on their 
surface, and there is some evidence of increased 
Fas expression following treatment of tumors 
with LD-RT. In one study, Sheard et al. treated 
human colorectal (HCT116) and human breast 
cancer (MCF7) cells with 2 Gy IR and observed 
moderate upregulation of Fas  [26]. The ligand 
for Fas, FasL, sends apoptotic signals into Fas 
expressing cells. Abdulkarim et al. irradiated a 
human nasopharyngeal cancer (C15) cell line 
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at various doses and measured FasL induc-
tion [27]. Fas is constitutively expressed in this 
NPC cell line prior to irradiation, but follow-
ing 2 Gy IR there was an increase in FasL on 
these cells. FasL expressing cells could possibly 
kill themselves and/or nearby Fas-expressing 
cells, including infiltrating T cells. This is a 
rare example of LD-RT upregulating expression 
of a gene that could negatively impact T cells.

Mechanism of IM in tumor cells following 
LD-RT
Radiation has been paradoxically reported to be 
both proinflammatory and anti-inflammatory. 
As the key transcription factor for numerous 
immune factors, NF-κB has been investigated 
for its involvement in gene expression follow-
ing LD-RT. The use of LD-RT to treat benign 
inf lammatory or hypoproliferative condi-
tions is well known  [28,29], and inhibition of 
NF-κB is thought to be responsible for these 
anti-inflammatory activities. In this regard, 
Lodermann et al. observed a decrease in p38 
(an upstream molecule of NF-κB) and AKT 
(a downstream molecule of NF-κB) following 
0.5 Gy and 0.7 Gy of IR. Pajonk and colleagues 
reported that the 26S proteasome was a direct 
target of IR, and hypothesized that radiation-
induced inhibition of the proteasome was a 
mechanism of NF-κB inhibition. This type of 
inhibition could modulate expression of numer-
ous proinflammatory molecules, such as TNF-
α, IL-1β and IL-6, at the transcriptional level. 
Indeed, bladder cancer cells (ECV304) treated 
with 0.17–2 Gy induced a rapid, dose-depend-
ent decrease in 26S proteasome activity. In turn, 
this inhibition prevented the phosphorylation, 
ubiquitination and subsequent degradation of 
the IκB regulatory complex leading to reduced 
translocation of NF-κB complex to the nucleus. 
While altered proteasome function induced by 
LD-RT is an attractive explanation for many of 
the observed transcriptionally regulated effects, 
via inhibition of NF-κB, more investigation is 
needed in this area as chronic low dose exposure 
has resulted in both stimulation and inhibition 
of NF-κB regulated genes  [30]. Further, most 
studies have utilized doses higher than 2 Gy to 
investigate radiation-induced changes in gene 
expression in tumor cells and NF-κB activation 
is observed at higher doses. Thus IR appears to 
be able to both activate and inhibit NF-κB and 
the outcome may be dependent on dose, and 
perhaps tissue, under study.

Modulation of immune cells following LD-RT
The efficacy of RT is known to be influenced by 
the TME, including local expression of agents 
such as HIF-1 and VEGF  [31]. However, the 
reciprocal is also true and LD-RT can directly 
modulate the efficacy of immune cells including 
macrophages, DCs, NK and lymphocytic cells. 
LD-RT in vitro (0.075 Gy) increases NK cell 
secretion of IFN-γ and TNF-α [32]. Nontumor 
bearing mice treated with 0.2 Gy × 4 total body 
irradiation (total 0.8 Gy) had an increase in 
NK and NK T cell numbers at 21 days post 
IR  [33]. Increased amounts of IFN-γ, IL-12 
and TNF-α from macrophages were detected 
10 days post IR in these animals. Klug et al. 
observed that 2 Gy irradiation induced iNOS 
expression (and reduced HIF-1, Ym-1, Fizz-1 
and arginase expression) indicating an induc-
tion of the M1 (proinflammatory) macrophage 
phenotype [34]. They further showed that iNOS 
inhibition blocked VCAM-1 expression on 
CD31+ endothelial cells, indicating endothelial 
cell activation, and that the capacity to support 
leukocyte transmigration was enhanced post IR 
via iNOS. Lodermann et al. observed a decrease 
in IL-1β secretion from LD-RT-induced mac-
rophages, and found that this downregulation 
was correlated with reduced nuclear transloca-
tion of the p65 (RelA) subunit of the NF-κB 
complex  [35]. In another study, direct treat-
ment of macrophages with IR decreased IL-1β 
(0.5–2 Gy) and increased TGF-β (0.1–0.5 Gy) 
expression with a decreased in nuclear locali-
zation of NF-κB also observed [36]. This dem-
onstrates that LD-RT can change macrophage 
phenotype. Moreover, Liu  et  al. observed 
increased expression of CD80 and CD86 on 
macrophages following LD-RT suggesting 
an increased capacity for costimulation of T 
cells  [37]. LD-RT can also impact other APCs 
such as DCs. Shigematsu et al. treated murine 
DCs with various doses of IR (0.02, 0.05, 0.1, 
0.5, 1 Gy) and observed increased secretion 
of IL-12 and increased expression of IL-2 and 
IFN-γ mRNA at doses as low as 0.05 Gy from 
DCs  [38]. They further observed that LD-RT 
had no effect on proliferation or maturation 
of the DCs. Whole body irradiation of non-
tumor bearing mice with 0.075 Gy caused an 
increase in CD28 expression concomitant with 
a reduction in CTLA-4 expression on splenic 
lymphocytes  [37]. Conversely, treatment with 
2 Gy produced reciprocal changes in these same 
cells. Treatment of T

REGS
 from rats with 0.15 Gy 
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of radiation in vitro reduced the expression of 
CTLA-4 [39], which is associated with the sup-
pressive function of these cells. These findings 
demonstrate that LD-RT can directly alter the 
state of some immune cells with important roles 
in antitumor immunity.

The ability of lower dose ionizing radiation 
(<0.2 Gy) to activate immune cells has been 
recently reviewed by Farooque et al.  [40], and 
we now present a table summarizing important 
immune relevant changes in both tumor cells 
and immune cells following low to intermediate 
doses of IR in Table 1.

●● Immunomodulation by hypofractionated 
doses of radiation
IM of tumor cells within the hypofractionated 
dose range
Doses between 2 and 25 Gy have been evalu-
ated extensively for enhancement of antitumor 
immune attack. In the context of radiation 

biology, a radiation dose of 5 Gy is in the mod-
erate hypo-fractionated range, and 10 Gy dose 
is considered in the extreme hypo-fractionated 
range [41]. Stereotactic body radiation therapy has 
been administered in fractions up to 15 Gy [42]. 
As a result, the majority of IM studies have been 
conducted within these dose ranges, and there 
is much information available about the diverse 
immune relevant genes that are changed post IR 
(Table 2). Though typically delivered in multiple 
fractions over time to reach a higher cumula-
tive delivery dose to patients, here we review the 
impact of mostly single dose (SD) exposure on 
the modulation of surviving cells.

Signal 1
CTLs must see target tumor-associated antigens 
(TAA) displayed in MHC-I, and several studies 
have shown that IR can modulate this signal 
within tumor cells. Lugade et al. demonstrated 
that irradiated tumors (15 Gy) had an increased 

Table 1. Low-dose radiotherapy range (≤2 Gy).

IM gene Tissue (up/down) Dose (Gy) mRNA or 
protein

Role Ref.

Tumor cells  

MHC-I Melanoma (Hu); Up 1 Protein Antigen presentation [21]

FAS CRC, BrCa (Hu); Up 2 Protein Transmits apoptotic signals into cells [26]

FasL NPC (Hu); Up 2 Protein Inducer of apoptosis [27]

NKG2DL (MICA/B) Myeloma (Hu); Up 2 mRNA/protein Increased recruitment and function of NK cells [25]

Immune cells 

IFN-γ NK cells; Up 0.75 Protein Activation of CD8 T cells; Th1 promoting [32]

  Macrophages; Up 0.8 mRNA   [33]

  DCs; Up 0.05 mRNA   [38]

TNF-α NK; Up 0.75 Protein Inducer of tumor apoptosis [32]

  Macrophages; Up 0.8 mRNA   [33]

IL-12 Macrophage; Up 0.8–0.075 mRNA/protein Th1 promoting cytokine [33,37]

  DCs; Up 0.05 mRNA/protein   [38]

IL-10 Macrophages; Down 0.075 Protein Immunosuppressive cytokine [37]

IL-1β Macrophages; Down 0.5–0.7 Protein Proinflammatory action [35,36]

    0.5–2 Protein    
TGF-β Macrophages; Up 0.1–0.5 Protein Inhibits CTL function [36]

iNOS Macrophage; Up 2 Protein M1 associated, inducer of cytotoxic mediator NO [34]

Arginase Macrophages; Down 2 Protein M2 associated enzyme [34]

HIF1 Macrophages; Down 2 Protein Proangiogenic; tumor promoting [34]

CD80/86 Macrophages; Up 0.075–2 Protein Increased T-cell costimulation [37]

IL-2 DCs; Up 0.05 mRNA T-cell proliferation cytokine [38]

CD28 Lymphocytes; Up 
Lymphcytes; Down

0.075 
2

Protein 
Protein

Transmits positive signal into T cells [37]

CTLA-4 Lymphocytes; Down 
Lymphocytes; Up

0.075 
2

Protein 
Protein

Inhibitory signal for cytotoxic cells [37]

  TREGS; Down 0.15 Gy Protein [39]
BrCa: Breast carcinoma; CRC: Colorectal carcinoma; CTL: Cytotoxic T lymphocyte; DC: Dendritic cell; Hu: Human; Ms: Mouse; NPC: Nasopharyngeal carcinoma.
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Table 2. Hypofractionated dose range (>2 to <25 Gy).

IM gene Tissue (up/down) Dose (Gy) mRNA or 
protein

Role  Ref.  

Signal 1  

MHC I   Mel (Hu, Ms); Up 
Mel (Ms); Up 
CRC, Lu, PCa (Hu); Up 
Glioma (Ms); Up 
PCa (Hu); Up

1–25 
15 
10–20 
4 
25

Protein 
Protein 
Protein 
Protein 
Protein

Antigen presentation 
 

[21] 
 [43] 
 [44] 
[45] 

 [46]
TAA peptides (Hu, Ms); Up 10–25 Peptide 

saturation
T-cell target [21]

TAA Tumor lines (Hu); Up 10–20 Protein   [44,46–47]

Effector signals

OX40L, 4-1 BBL  CRC lines (Hu); Up 
PCa Lines (Hu); Up

10 
5–15

mRNA/ protein 
Protein

Positive co-stimulation [48] 
[49]

CD70, ICOSL PCa lines (Hu); Up 5–15 Protein Positive co-stimulation [49]

PD-L1   PCa; Down 
BrCa tumor (Ms-TUBO); Up  
PCa tumor; Up/down

5–15 
12 
10

Protein 
Protein 
mRNA

Inhibition of T cells 
 
 

[49] 
[50] 
[51]

CTLA-4 PCa tumor (Hu); Down 5–15 Protein Inhibition of T cells [49]

ICAM-1   CRC, Lu, PCa, HN (Hu); Up 
BrCa (Ms); Up 
BrCa (Hu); Up
Tumor lines (Hu); Up

10–20
2 × 12 Gy 
10 
10–20

mRNA protein 
Protein 
Protein 
mRNA/protein 

Mediates leukocyte adhesion to 
tumor cells  

[44,52] 
[53] 
[47] 
[54]

MICB, ULBP1/2 Tumor lines (Hu); Up 20 RNA 
Protein

NKG2DLs, trigger cytotoxic cells [55]

RAE-1 BrCa tumor (Ms); Up 2 × 12 Gy Protein NKG2DL, trigger cytotoxic cells [53]

Death receptors

FAS 
 
 

Tumor lines (Hu); Up 
Tumor line (Ms); Up  
BrCa, CRC (Hu); Up 
Esophageal lines; Up

10–20 
8–10 
10–16 
3–6

Protein 
Protein 
Protein 
Protein

Transmits death signal into cells 
 

[44] 
 [56] 

 [26,57] 
 [58]

DR4  CRC (Hu); Up  
CRC, Lu (Hu); Up

2.5–10 
10

Protein 
Protein

  [59] 
 [60]

DR5 CRC (Hu); Up 2.5–10 Protein   [59]

Cytokines

TGF-β1 PCa tumor (Ms); Up 6–10 mRNA/protein Immunosuppressive [61]

GMC-SF, IL-6 PCa tumor (Hu); Up 
Lu (Hu); Up

10 
25

Protein 
Protein

DC maturation [51,62]

TNF-α Sarcoma (Hu); Up 5 Protein Inducer of apoptosis [63]

Chemokines

CXCL16 BrCa (Ms); Up 2 × 12 Gy Protein Recruits immune cells [64]

CCR2, CCL2, CXCR6, CXCL16 HPV tumor; Up 14 mRNA   [65]

Immune cells

CD70  DCs (Hu); Up 
DCs (Ms); Up

10 
10

Protein 
Protein

Costimulates T cells  [66] 
 [67]

CD86 
 

DCs (Hu); No change 
DCs (Ms); Up 
Macrophages (Hu); Up

10 
10 
2–20

Protein 
Protein 
Protein

Costimulates T cells   [66] 
 [67] 
 [68]

CD40 Macrophages (Hu); Up 2–20 Protein Costimulates T cells [68]
†Dose outside the 2–25 dose range of the other studies.
BrCa: Breast carcinoma; CRC: Colorectal carcinoma; DC: Dendritic cell; HN: Head and neck; HPV: Human papilloma virus; Hu: Human; iNOS: Inducible NO synthase; Lu: Lung; 
Mel: Melanoma; Ms: Mouse; NO: Nitric oxide; PCa: Prostate cancer.
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capacity for presenting antigen to specific T cells 
in an MHC-dependent manner [43]. RT upregu-
lated MHC class I expression to high levels on 
glioma cells in mice [45]. Reits et al. observed a 
dose-dependent increase in MHC class I sur-
face expression 18 h post IR in vitro in a human 
melanoma cell line (MelJuSo) at doses as high 
at 25 Gy [21]. Further, local irradiation (25 Gy) 
of mice in vivo resulted in similar increases in 
MHC within the irradiated tissue 24 h post IR. 
Additionally, cells exposed to 4 Gy IR exhibit 
increased TAP mobility when analyzed 1 h 
later and increased polyubiquitination follow-
ing exposure to 10 Gy, indicating increased pro-
tein degradation. Further analysis revealed that 
prolonged peptide saturation levels are directly 
related to increased radiation dose [21]. In vitro, 
human colorectal, lung and prostate cancer 
cell lines showed increase expression of various 
surface molecules, including MHC-I [44], 72 h 
post irradiation (10 and 20 Gy). Eight of the 23 
lines increased surface expression of MHC-I and 
17 of 23 increased surface expression of one or 
more of the TAAs evaluated (CEA or MUC). 
Gameiro et al. examined radiation’s ability to 
induce IM of human breast cancer (MDA-
231), non-small-cell lung cancer (H522) and 
prostate cancer cells (LNCaP) 72 h after 10 Gy 
IR. Radiation significantly induced the surface 
expression MHC class I and TAAs in these 
diverse cell lines [47].

Signal 2
Following recognition of antigen in MHC-I, 
naive T cells must also receive co-stimulatory 
signals for full activation and expansion. Once 

activated, the activity and function of effector 
T cells are also enhanced by signaling through 
co-stimulatory molecules such as CD27, ICOS, 
OX-40 and 4–1BB [71]. Conversely, the actions 
of effector T cells can be inhibited by co-inhibi-
tory signals through CTLA-4 or PD-1. We have 
recently demonstrated that colorectal tumor cells 
surviving 10 Gy radiation have increased mRNA 
and surface protein expression of both OX-40L 
and 4–1BBL [48]. This observation was further 
extended to prostate cancer cells, and an increase 
in the surface expression of 4–1BBL, ICOS-L, 
OX-40L and CD70 was observed in three human 
prostate cancer cell lines post IR [49]. Changes 
in OX-40L and 4–1BBL were dose-dependent 
(5–15 Gy) and increased expression was observ-
able even after exposure to 15 Gy. By contrast, 
a decrease in the expression of the inhibitory 
molecule PD-L1 after exposure to 10  Gy IR 
was observed in some of these same cells, again 
in a dose dependent manner. Interestingly, 
reduced expression of PD-L1 remained stable 
even when evaluated 6 days post irradiation. 
Variable modulation of CTLA-4 expression in 
tumor cells (normally expressed on T cells them-
selves) was reported. One of the tumor cell lines 
decreased CTLA-4 expression (DU145), while 
the other cell lines increased expression (PC3 
and LNCaP). In contrast to tumor cells, normal 
prostate cells (PrEC) exhibited much less modu-
lation of the genes evaluated. Aryankalayil et al., 
assessed the immunomodulatory changes in 
three human prostate cancer cell lines following 
exposure to 10 Gy fractionated (1 Gy × 10) or 
single dose (10 Gy × 1) radiation [19]. They found 
the mRNA for a variety of immune-related genes 

Table 2. Hypofractionated dose range (>2 to <25 Gy).

IM gene Tissue (up/down) Dose (Gy) mRNA or 
protein

Role  Ref.  

MHC-II Macrophages (Hu); Up 2–20 Protein Antigen presentation [68]

IL-12 DCs (Hu); Up 10 Protein Promotes Th1 responses [66]

IL-23 DCs (Hu); Up 20 Protein Promotes Th1 responses [66]

FoxP3 TREGS (Hu); Down 7.5–30 Protein TREG transcription factor [69]

CD45RO TREGS (Hu); Down 7.5–30 Protein TREG activation marker [69]

CD62L TREGS (Hu); Down 7.5–30 Protein Promotes trafficking to lymph nodes [69]

TGF-β1 TREGS (Hu); Down 30† Protein Immunosuppressive [69]

PD-L1 DCs, macrophages; Up 12 Protein Inhibitor of T cells [50]

Arginase and COX-2 Macrophages; Up 25 RNA/protein M2 associated, cancer promoting [70]

iNOS Macrophages; Up 25 RNA/protein M1 associated, inducer of cytotoxic 
mediator NO

[70]

†Dose outside the 2–25 dose range of the other studies.
BrCa: Breast carcinoma; CRC: Colorectal carcinoma; DC: Dendritic cell; HN: Head and neck; HPV: Human papilloma virus; Hu: Human; iNOS: Inducible NO synthase; Lu: Lung; 
Mel: Melanoma; Ms: Mouse; NO: Nitric oxide; PCa: Prostate cancer.
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to be modulated 24h post IR. Among the mod-
ulated genes only PD-L1 had an obvious and 
direct link to cell-mediated attack against tumor 
cells. Exposure to 10Gy SD radiation induced 
the downregulation of PD-L1 gene expression 
in PC3 cells. It is important to note that multi-
fraction (MF) delivery (1 Gy × 10) had the oppo-
site effect in DU145 and caused upregulation of 
PD-L1 mRNA. No change in expression of this 
gene was reported in LNCaP. These data are in 
contrast to Bernstein et al., using SD, showing 
down-modulation of the protein from the cell 
surface at a later time post IR. Collectively, these 
studies could be highlighting major differences 
in IM response between SD and MF delivery. 
In the clinic, radiation is delivered in multiple 
smaller fractions to spare normal tissue, and the 
range of IM likely depends on fractions and frac-
tion doses given [51]. In vivo, mice bearing breast 
cancer tumors (TUBO) were locally irradiated 
with 12 Gy of RT and PD-L1 expression was 
increased in tumor cells  [50]. Overall, expres-
sion of these co-stimulatory and co-inhibitory 
molecules is particularly interesting because it 
suggests that modulated tumors are not simply 
rendered more sensitive to attack by T cells but 
may be signaling back into responding immune 
cells and modifying their biological response.

Cell adhesion molecules such as ICAM-1 can 
enhance CTL and NK cell interaction with target 
cells, and also appear to deliver co-stimulatory 
signals into the responding cells. More than half 
of 23 diverse human tumor cell lines evaluated 
(colorectal, lung, and prostate) increased expres-
sion of ICAM-1 following 10–20 Gy of external 
beam radiation (EBRT)  [44]. Similar observa-
tions have been seen in other cancer cell types 
including breast  [47], head and neck  [52], and 
skin [54]. Apart from EBRT, Chakraborty et al. 
have reported that exposure to a radionucleo-
tide can also alter the phenotype of tumor cells. 
Samarium-153-EDTMP, a bone-seeking radio 
nucleotide, is used in palliation of bone metas-
tasis. This study demonstrated that exposure to 
153Sm-EDTMP induced several immunostimu-
latory molecules, including ICAM-1, on pros-
tate and lung cancer cells. Importantly, IM of 
ICAM-1 has also been reported 48 h after in vivo 
local RT (12 Gy × 2) in mice bearing breast 
tumors (4T1) [53].

Radiation has also been shown to modulate 
the expression of stress ligands that stimulate 
NK cell activation. These ligands (MICA/B 
and ULBP in humans and RAE-1 in mice) bind 

to NKG2D receptors on NK cells (and CD8+ 
T cells) and stimulate their lytic activity  [72]. 
Kim et al. observed an increase in MICB and 
ULBP1/2 following 20 Gy radiation in various 
cancer cell lines (melanoma, colon, cervical and 
lung)  [55]. Increased expression of RAE-1 has 
similarly been reported following in vivo RT of 
tumor bearing mice [53].

In addition to antigen presentation and acti-
vating signals to cytotoxic immune cells, the 
expression of mediators of effector activities 
such as death receptors, can also be modu-
lated in tumor cells by IR. Chakraborty et al. 
observed a marked increase in surface Fas 
expression in MC38-CEA+ murine tumors 
treated with 8 Gy [56]. There are many reports 
of increased expression of Fas in human tumor 
cells as well [26,44,57–59]. Increased sensitivity to 
the receptors for TRAIL-mediated apoptosis 
has been reported post IR [73,74], and it has fur-
ther been demonstrated that expression of both 
DR4 and DR5 can be modulated by radiation 
(2–10 Gy) in human tumor cells [59,60].

Cytokines can enhance immune activities 
of immune cells responding to tumor cells, 
and chemokines can facilitate the recruitment 
of immune cells into tumor tissue. IR can also 
modulate the expression of these molecules in 
tumor cells. Cytokines such as GM-CSF and 
IL-6 have been reported to be increased in the 
supernatants of two of three prostate cancer cell 
lines 48–72 h post IR (10 Gy) [51]. Another study 
reported an increase in the levels of GM-CSF, 
IL-1α and IL-6 in a human lung cancer cells line 
(AOI) 24 h post IR [62]. TNF-α was increased 
after treatment with 5 Gy in 5 of 13 human sar-
coma cells [63]. Most recently, Wu and colleagues 
witnessed a significant increase in TGF-β1 in 
murine prostate cancer cells (TRAMP) both 
in vitro (6 Gy) and in vivo (10 Gy), suggesting 
that this immunosuppressive cytokine may also 
be induced from some tumors [61]. In addition 
to cytokines, IR can also alter the expression of 
chemokines from some tumor cells. The upreg-
ulation of CXCL16 (CXCR6 ligand) within 
tumors and blood vessels of 4T1 tumor-bearing 
mice following local irradiation (12 Gy × 2) 
in  vivo has been demonstrated. CXCL16 is 
quickly shed by 4T1 tumor cells and markedly 
increased the recruitment of CXCR6+CD8+ 
T cells into the tumor [64]. A significant increase 
in CCR2 and CCL2 mRNA was observed in 
HPV-associated tumors of mice locally irradi-
ated with 14Gy [65]. CCR2 mediates monocyte 
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chemotaxis and CCL2 recruits monocytes, 
MDSCs and DCs to sites of tissue injury and 
inflammation. The authors also reported signifi-
cant upregulation of CXCR6 (regulates metasta-
sis and progression of cancer via interaction with 
soluble CXCL16) and CXCL16 (induces migra-
tion of several subsets of T cells and NK cells) 
after radiation. Collectively, these results reveal 
that hypo-fractionated doses of IR can modu-
late soluble signals that influence the behavior 
of diverse immune cells as well as chemokines 
and ligands involved in homing of immune 
cells. Overall, the reports of phenotypic changes 
induced in tumor cells receiving the doses of 
radiation discussed in this review are summa-
rized in Figure 1, and are overwhelmingly posi-
tive in favor of promoting effective antitumor 
immune responses.

Mechanism of modulation in tumor cells 
within the hypofractionated dose range
NF-κB
Several mechanisms have been described for how 
IR can modulate expression of immune relevant 
genes in tumor cells (Figure 2). While LD-RT 
has been shown to reduce NF-κB via protea-
some inhibition, hypofractionated doses of IR 
have conversely demonstrated increased activity 
of NF-κB. NF-κB can be activated in differ-
ent cell types within an irradiated tumor mass 
including the tumor cells, stromal cells, cells of 
the vasculature, and immune cells. In tumor 
cells, genotoxic stress induced NF-kB activation 
is initiated by DNA double strand breaks (DSB) 
in the nucleus and can stimulate gene expression. 
NF-κB activation has been reported to occur 
in this manner in diverse tumor cell lines in an 
ATM-dependent pathway, mostly at doses above 
3 Gy. ATM signaling alone is not sufficient; post-
translational modification of NEMO is needed, 
and is also induced by IR. Fully composed ATM-
NEMO complexes (reviewed in [30]) can phos-
phorylate IkB resulting in its degradation by the 
26S proteasome. This frees NF-κB to translo-
cate into the nucleus and activate NF-κB target 
genes. Subsequent expression of NF-κB-induced 
cytokines can sustain this signaling pathway in 
a positive feed forward loop. Not surprisingly, 
some of the genes modulated by IR in tumor 
cells, as mentioned above, are known NF-κB 
target genes (MHC-I, ICAM1, cytokines)  [30]. 
ATM signaling is also a well-known activator 
of p53. p53 target genes, however, are related 
mostly to cell cycle, apoptosis and DNA repair 

pathways (reviewed in  [75]). While most p53 
inducible genes are not typical immune relevant 
genes, apoptosis inducing death receptors could 
be important for immune cell mediated signals 
transmitted from death ligands on cytotoxic 
immune cell. Unfortunately, less than 50% of 
tumor cells retain functional p53.

mTOR
While NF-κB may be responsible for MHC-I 
upregulation early post IR, the kinase mTOR 
has been shown to be responsible for the radi-
ation-induced increase in MHC-I expression 
at later times post IR (24 h)  [21]. mTOR is a 
critical regulator of protein translation by caus-
ing enhanced ribosomal translation. As overall 
translation is increased, so is the intracellular 
pool of peptides available for binding to MHC-I. 
This increase in peptides appears to be respon-
sible for the increased MHC. Interestingly, the 
benefit of combination immunotherapy with RT 
was lost when an mTOR inhibitor was utilized 
demonstrating the therapeutic relevance of this 
pathway post IR [74].

Epigenetic
It has recently been reported that IR-induced 
DNA hypomethylation induced gene expres-
sion in CRC cells treated with 2–5 Gy  [76]. 
Our studies have found that increased 4–1BBL 
expression following 10 Gy radiation is medi-
ated by increased histone acetylation at the pro-
moter for this gene in human CRC cells  [48]. 
More recently, we have reported that radiation 
(5 Gy) similarly increases histone acetylation 
at both the Fas and DR5 promoters in addi-
tion to the 4–1BBL promoter. Further, less 
HDAC2, HDAC3 and DNMT1 were bound 
to the promoter regions of both 4–1BBL and 
Fas, but not other genes following IR of human 
tumor cells  [77]. These observations suggest 
that radiation can also regulate the expression 
of specific genes by epigenetic mechanisms. This 
could be important for combination radiation-
immunotherapy approaches, as epigenetic 
changes can be maintained for quite some time 
in the cell population. At this time, it is unclear 
how IR is altering the binding of these enzymes 
at specific gene promoters.

miRNAs
miRNAs are key regulators of gene expression. 
Several miRNAs have been reported to be modu-
lated following exposure to IR  [78,79]. There is 



247

Immunomodulatory effects of radiation: what is next for cancer therapy?  Review

future science group www.futuremedicine.com

also evidence for regulation of gene expression 
via miRNAs in normal endothelial cells exposed 
to IR [80]. Interestingly, miR16 was shown to be 
downregulated following exposure to IR (10 Gy 
delivered in fractions), and 4-1BBL (TNFSF9) 
was identified as one of the target genes whose 
expression was increased in response to this miR-
NAs reduction. If this same mechanism of regu-
lation operates in irradiated tumor cells needs 

to be determined. These data highlight the fact 
that molecules co-stimulatory to effector T cells 
seem to be induced by radiation in a variety of 
cell types, including both normal and tumor.

Modulation of immune cells within the 
hypofractionated dose range
Cells of the immune system can be rapidly 
dividing, and therefore vulnerable to radiation. 

Figure 1. Immunogenic modulation of tumor cells by ionizing radiation. Tumors have been reported to be modulated in several 
ways, which could directly enhance the function, activity or recruitment of CD8+ T cells, as well as the function of NK and dendritic cells. 
Increased TAA could result in increased presentation on MHC-I to effector cytotoxic T lymphocytes but could also make more antigen 
available for uptake by antigen-presenting cells. There have also been limited reports of modulation of tumors in a manner that could 
negatively impact CD8+ T-cell activities. Note: Ionizing radiation-induced immunogenic cell death mechanisms that enhance dendritic 
cell activities are not depicted in this figure.  
†PD-L1 has been reported to be both increased, and decreased, by ionizing radiation.  
Ag: Antigen.
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Figure 2. Diverse mechanisms of immunogenic modulation reported in tumor cells surviving radiation. 
†NF-κB has been reported to be both inhibited and activated at lower radiation doses depending upon tissue and length of exposure.
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Individuals receiving heavy doses of radiation 
(atomic bomb survivors) exhibit severe damage to 
mature lymphocytes and bone marrow stem cells, 
resulting in depletion of several immune cell sub-
sets [81]. This has led to the long-standing percep-
tion that radiation beyond the low dose range is 
generally immune suppressive. In recent years, 
however, there have been several reports of higher 
dose radiation treatment directly modulating the 
phenotype of immune cells both positively and 
negatively.

Evidence demonstrating positive modula-
tion of immune cells, in a manner that would 
make them more effective for antitumor activ-
ity, has been accumulating and is summarized 
in Table 2. For example, Huang et al. observed 
the upregulation of CD70 on mature den-
dritic cells and CD20+ B cells isolated for 
human PBMCs following exposure to 10 Gy in 
vitro [66]. Further analysis showed no change in 
CD80 and CD86 expression or the maturation 
marker CD83 on DCs. Irradiation of DCs also 
increased IL-12 and IL-23 cytokine secretion 
with doses as high as 10 Gy and 20 Gy, respec-
tively. Following local irradiation (10 Gy) of 

mice bearing B16 tumors, Gupta et al. detected 
significant upregulation of CD70 and CD86 on 
live DCs (CD45+CD11chighMHC-IIhigh) by flow 
cytometry 48 h post RT [67]. Radiation has also 
been reported to increase markers of activation 
in monocytes [68]. In vitro treatment with 20 Gy 
(and 2 Gy to a lesser degree) induced significantly 
higher expression of CD40, MHC-II (HLA-DR) 
and CD86 48 h post IR on the monocyte cell 
line U937 in an NF-κB dependent manner. 
APCs modulated in such ways would be better 
able to stimulate subsequent antitumor immune 
responses.

Conflicting data exist regarding the radiosensi-
tivity of different subsets of lymphocytes. Thus, it 
is very important to elucidate how different com-
ponents of the immune system are altered by IR. 
In particular, there are many conflicting reports 
on the impact of radiation on CD4+ T

REGS
, which 

play a major role in immune tolerance  [82]. In 
cancer patients, T

REGS
 inhibit the generation of 

successful antitumor immune responses and 
increased infiltration of T

REGS
 is often detected 

within the TME  [83,84]. One study suggests 
that irradiation may modulate the phenotype 
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(and function) of human T
REGS

 in  vitro  [69]. 
CD4+CD25+ T

REGS
 from PBMCs were irradi-

ated and evaluated for expression of T
REG

 spe-
cific markers. There was reduced expression of 
CD62L, FOXP3 and CD45RO and increased 
expression of GITR 12 h post irradiation (1.875, 
7.5 and 30 Gy). By contrast, there was no change 
in the expression of CD4, CD28 and CD45RA 
on T

REGS
. The expression of membrane TGF-β, 

a suppressive effector molecule of T
REGS

, was also 
decreased after irradiation of T

REGS
 with 30 Gy 

as compared with nonirradiated T
REGS

. Here, 
reduced expression of T

REG
 effector molecules 

could correlate with reduced suppressive activ-
ity thus allowing effective antitumor immune 
responses.

There have also been reports of radiation 
modulating immune cells in a manner that 
could be inhibitory to effective antitumor 
immune responses. After exposing TUBO breast 
cancer cells to 12 Gy RT, PD-L1 expression was 
increased in DCs after 72 h [85]. There was also 
a slight increase in PD-L1 seen on macrophages 
but no observable change in MDSC expression 
of PD-L1. Curiously, PD-1 expression on CD8+ 
T cells was slightly reduced 3 days post-irradia-
tion in this same study. It is unclear, however, if 
this was direct modulation by RT or modulation 
in response to factors produced by other cells 
in the local environment. Irradiation of mice 
bearing murine prostate tumors (TRAMP-C1) 
induced phenotypic changes in macrophages 
associated with cancer promotion  [70]. Higher 
dose RT with 25 Gy induced increased arginase 
and COX-2 and promoted tumor growth  [70]. 
iNOS was produced at later times in these cells 
and at low levels. This is the opposite of findings 
discussed above, by Klug et al. using LD-RT, 
and highlights the importance of understanding 
the impact of IR dose on immune cell activities. 
The impact of radiation specifically on MDSC 
phenotype has not been extensively studied, 
but there are reports of both expansion [86] and 
reduction [87] in MDSC numbers post IR.

●● Immunomodulation at work (functional 
outcomes)
In vitro evidence of IM & functional 
enhancement of cytotoxic immune cells
It is clear that there is much more to RT than 
its traditional use for direct tumor cell destruc-
tion or palliation of pain. IR has the ability to 
modulate gene expression in tumor cells in ways 
that make them better stimulators of immune 

cell function [9]. This ability of IR has been dem-
onstrated in several in vitro model systems where 
the function of immune cells is enhanced as a 
direct consequence of interactions with irradi-
ated tumor cells. Sublethal irradiation of colo-
rectal carcinoma cells (CRC) lines resulted in 
enhanced susceptibility to lysis by tumor specific 
CTLs following 10 Gy of irradiation [44]. CTL 
killing was MHC restricted as irradiated MHC 
mismatched CRC were not killed by the TAA 
specific T cells. Moreover, increased killing by 
CTLs was also observable against other cancer 
types including prostate [47] and head neck squa-
mous carcinoma  [52], revealing that enhanced 
killing of irradiated tumor cells is not restricted 
to a single cancer type. More recently we have 
reported that interaction of CTLs with irradi-
ated human CRC cells enhances the survival and 
activation of T cells [48]. Enhanced CTL func-
tion against irradiated tumor cells is not limited 
to EBRT, as Chakraborty et al. have reported 
that exposure to 153Sm-EDTMP enhanced 
CTL killing of irradiated prostate tumor cells 
(LNCaP) [46]. Despite different molecular pro-
files of IM, studies by Gameiro and colleagues 
reveal that radiation-induced tumor sensitivity to 
CTL lysis was equally augmented with single or 
fractionated doses of radiation, suggesting that 
either regimen could elicit effective attack by 
T cells [47]. In addition to modulated tumor cells, 
immune cells modulated by RT also have the 
ability to enhance T cell function. For example, 
irradiated DCs have been shown to increase the 
proliferation and IFN-γ production from T cells 
as a direct consequence of increased expression 
of CD70 [66]. There is also some evidence that 
the ability of T

REGS
 to suppress cells is reduced 

following both high-dose  [69] and low-dose 
irradiation in vitro [39].

IM of tumor cells by RT has also been shown 
to enhance functional activity of NK cells. NK 
cell-mediated recognition and cytolysis of human 
tumor cells is governed by ligation of the NKG2D 
receptor on NK cells with MICA and MICB 
(MICA/B) molecules on tumor cells. Human 
melanoma cells and non-small-cell lung cancer 
cell lines that increase expression of MICA/MICB 
after 20 Gy IR also exhibited enhanced sensitivity 
to NK mediated killing [55]. Liu et al. reported that 
upregulation of MICA/B on the tumor cell surface 
led to increased recruitment, activation and sur-
vival of NK cells [25]. Direct exposure of human 
NK cells to radiation can result in increased NK 
cytotoxicity that seems to peak at an optimal 
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dose (6 Gy) and decline after the peak (range: 
1–16 Gy). Radiation-treated NK cells from can-
cer patients have been reported to have higher lytic 
activity than NK cells from normal controls [88]. 
Radiation also enhanced the cytotoxic effects of 
NK cells when they were inoculated, as a mixture 
with tumor cells, into mice after irradiation [89]. 
This synergistic effect was not observed when the 
lymphoid cells were inoculated after irradiation, 
indicating that lymphoid cells needed to be in con-
tact with tumor cells before irradiation. Anti-asialo 
GM1 reversed this effect implicating NK cells as 
the effectors here. Purified NK cells exposed to 0.2 
Gy LD-RT in vitro displayed no significant dif-
ference in cell viability or proliferation. However, 
significant augmentation of cytotoxic function 
was detected when NK cells were stimulated with 
low-dose IL-2 prior to irradiation [90]. Others have 
similarly reported that radiation-treated NK cells 
exhibit increased function  [91–93]. Collectively, 
these studies demonstrate the ability of IR to 
enhance NK cell activity by both direct treatment 
with IR and as a consequence of radiation-induced 
IM of the tumor.

In vivo evidence of IM & functional 
enhancement of cytotoxic immune cells
All cells in the TME, including the target tumor 
cells, endothelial cells, stromal cells and infil-
trating immune cells, may respond uniquely 
and further influence the response of neighbor-
ing cells. While immune cells are thought to be 
more radiosensitive than other cells in the TME, 
there are numerous accounts of local tumor irra-
diation in vivo culminating in effective immune 
attack of tumors by both adaptive and innate cells. 
RT has been shown to enhance tumor-specific 
CTL numbers and function in the intact TME. 
Chakraborty et al. demonstrated enhanced killing 
of CEA+MC38 tumors by CEA specific CD8+ 
T cells in mice irradiated with 8 Gy. The abil-
ity of RT to enhance attack of tumor cells was 
demonstrated using both a therapeutic vaccine 
to induce T cell expansion  [94] as well as when 
tumor specific T cells were adoptively transferred 
into the animals [56]. In the latter study, modula-
tion of the Fas receptor on tumor cells was shown 
to be required for the ability of RT to enhance 
immune attack. Using another tumor model 
system, adoptive cell transfer of ex vivo activated 
OVA-specific OT-1 CD8+ T cells led to increased 
infiltration of transferred T cells to tumor sites 
(and not merely expansion of localized T cells) 
following RT (15 Gy) to the tumor  [95]. This 

study suggested that the mechanism of radiation-
induced lymphocyte infiltration into the TME 
involved upregulation of chemo-attractants MIG 
and IP-10. Though it was not determined which 
cells were producing these factors, these chemo-
attractants appeared to promote IFN-γ responses 
by conditioning the tumor microenvironment 
for enhanced CTL trafficking. Moreover, the 
tumor-infiltrating lymphocytes (TILs) isolated 
from in vivo irradiated tumors killed better than 
TILs from nonirradiated hosts.

There are similar reports of radiation modulat-
ing tumor cells in vivo and enhancing tumor-spe-
cific NK cell numbers and function. Ruocco et al. 
demonstrated that RT (12 Gy × 2) synergized 
with CTLA-4 blockade by upregulating RAE-1 
expression on the surface of irradiated tumor cells 
and that the therapeutic effect of the combinato-
rial regimen were blocked by antibodies targeting 
the RAE-1 receptor (NKG2D)  [53]. IL-12/1L-
15/1L-18 preactivated NK cells showed increased 
frequencies and persistent effector functions 
inside established murine tumors following RT 
(5 Gy TBI), highlighting the enhanced therapeu-
tic efficacy of combination NK cell therapy and 
RT  [96]. In patients, NK cells from uterine cer-
vix carcinoma patients undergoing radiotherapy 
demonstrated increased cytotoxicity, suggesting 
that it is possible for RT to enhance immune cell 
function in the human TME [97].

RT can also influence other noncytotoxic 
immune cells in a way that could positively influ-
ence antitumor attack. There have been limited 
reports of RT, in the dose ranges discussed here, 
modulating APCs in the TME to enhance cross-
presentation of TAA [98] or recruiting additional 
immune cells including CD8+ T cells into the 
TME  [99]. T

REG
 mediated suppressive activity 

from irradiated (8.5 Gy) melanoma (D5) tumor 
bearing mice has been reported to be signifi-
cantly reduced when compared with T

REGS
 from 

untreated mice indicating that RT impairs func-
tion of T

REGS
 [100]. However, there have also been 

contrasting reports revealing that RT (10 Gy) 
can induce suppressive immune cells following 
local RT to some tumors (TRAMP) [61]. Thus, it 
remains unresolved if IM of tumors by radiation 
can directly influence T

REG
 number and function.

Conclusion
The most exciting reports of RT-CIT in com-
bination have been of the abscopal response 
following RT both preclinically  [101,102] and 
clinically [12–16,103]. The abscopal response likely 
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involves cytolytic cells that retain the functional 
ability to mount a sustained response at a distant, 
nonmodulated, tumor site. The mechanism(s) 
of the abscopal effect has not been definitively 
determined. Molecules that can alter the lytic 
capacity or enhance the sustainability of effec-
tor CTLs or NK cells are likely candidates for 
promoting this type of effect. For a long time 
increased expression of death receptors such as 
Fas was thought to be the sole molecular mecha-
nism responsible for enhanced immune attack of 
irradiated tumors  [56]. However, very simple in 
vitro systems demonstrated that human tumor 
cells with deficient Fas signaling were still killed 
better by CTLs after radiation suggested that 
alternate mechanisms exist and contribute to this 
effect [44]. Use of these in vitro systems has allowed 
us to directly test the impact of irradiated tumors 
on CTL biology, and has revealed that CTLs also 
survive better and are activated better follow-
ing interaction with irradiated tumor cells  [48]. 
Examination of irradiated tumor cells for changes 
in expression of genes that could provide survival, 
activation and enhanced lytic activity in effector 
CTLs revealed that the co-stimulatory molecules 
OX-40L and 4–1BBL were upregulated on irra-
diated tumor cells [48,49]. Increased MHC-I and 
antigen expression following IR have been dem-
onstrated by several groups. Increased signal 1, 
however, must work in concert with other signals 
to T cells. Increased antigen in a toleragenic or 
immunosuppressive environment where robust 
costimulation is not present leads to suboptimal 
immune responses such as T-cell anergy. Thus, 
many proposed mechanisms of RT-enhanced 
immune responses (more antigen presentation, 
immunogenic death, increased death receptor, 
increased stress ligands or increased cell adhe-
sion expression) would still require appropriate 
co-stimulation to induce optimal and sustain-
able CTL responses. Furthermore, these changes 
all occur local to the irradiated tumor and it is 
difficult to envision how many of the reported 
changes at the local irradiated tumors could pro-
mote a response that is sustainable at a distant 
tumor unless the change was retained within 
the responding effector cells. Receiving signals 
from OX-40L or 4–1BBL, or perhaps effector 
activity programming cytokines, from irradi-
ated tumor cells could leave a lasting impression 
on T cells leaving the tumor and impact future 
activity beyond the irradiated tumor  [104,105]. 
This argument seems plausible given the fact that 
the mere presence of antigen specific T cells (or 

induction of greater numbers by vaccine) is not 
enough to induce curative T cell activity against 
many tumors. Indeed, there are situations where 
T cells of known TAA-specificity already exist 
but are not effectively attacking the tumor, even 
when large numbers are transferred into tumor 
bearing hosts [56]. In these situations radiation is 
not needed to ‘prime’ an initial T cell response 
to the TAA via ICD because large numbers of 
effector cells are being transferred in. Local RT 
does, however, result in greatly enhanced activity 
of T cells suggesting that the existing T cells may 
now be receiving different signals from the irradi-
ated tumor  [43,106]. Moreover, irradiated tumor 
cells alone, and in the absence of APCs, are killed 
better by effector CTLs [44,46–47,52], and are able 
to enhance T cell survival and activation  [48]. 
This mechanism would be relevant when effec-
tor CTLs are already present but have less than 
optimal functional or killing capacity.

At this time, RT is routinely applied for pal-
liation or tumor debulking in patients where it 
is not curative. Given the substantial evidence 
of the IM activities of IR, perhaps now is the 
time to begin utilizing RT specifically for IM in 
combo with CIT strategies. Though this review 
focused on radiation doses of 25 Gy or below, 
the influence of various doses within this range 
should be considered a critical factor moving 
forward  [107,108] in defining the most effective 
dose for promoting IM activities. For example, 
NK cells are sensitive to high doses of radiation 
while lower dose radiation enhances cytotoxicity 
of NK cells [93]. Lower doses may help achieve a 
more favorable balance between tumor-infiltrat-
ing cytotoxic cells, and the unfavorable suppres-
sive cells, allowing for tumor elimination [109]. 
Many RT-CIT studies use much higher doses 
(>25 Gy total) [87,110–111], and it is unclear if the 
immune outcomes reported occur similarly at 
lower doses. To this point, many differences are 
seen in the modulation of MHC-I following low 
dose  [45] versus higher dose  [112]. Lower doses 
may also be fundamentally better for use as an 
adjuvant to CIT because of lower toxicity as well 
as reduced clinical visits for the patient. In addi-
tion to dose range, single dose delivery versus 
multiple fraction delivery seem to differentially 
influence IM outcomes [19,20].

Future perspective
What is next regarding immunomodulation 
and radiation therapy for cancer? IM-induced 
phenotypic changes in tumor cells have been 
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studied extensively. However, given the differ-
ential radio-sensitivities of immune cell subsets, 
it seems imperative to more fully elucidate the 
direct effects of LD-RT and radiation doses 
within the hypofractionated dose range on 
immune cell function. It will also be important 
to determine which phenotypic changes occur 
most broadly and can thus be capitalized on 
across diverse human tumor types. Regarding 
the TME, how stromal cells and local endothe-
lial cells are modulated and contribute to anti-
tumor activity or immune suppression at these 
doses needs to be elucidated both in vitro and 
in vivo. Given the recent evidence that IM of 
some genes is occurring via epigenetic mecha-
nisms, determining how long these changes are 
retained in tumor cells as well as what other 
immune relevant genes are regulated this way 
will be helpful for defining the therapeutic use-
fulness of RT-induced IM. It is perhaps most 
important to determine which changes occur in 
instances where abscopal responses are seen. The 
mechanisms reported for induction of the absco-
pal effect are diverse, coming from both tumor 
immunologists and radiation biologists, and it 
will be important to define which mechanism(s) 

are at play at these doses so that we can induce 
this type of response more consistently. Last, 
which of the many and diverse immunothera-
pies (checkpoint blockade, therapeutic vaccines, 
positive co-stimulatory agonist abs, adoptive cell 
transfer, TLR agonists, among others) will ben-
efit the most from the IM action of RT needs 
to be defined. Overall, such data will allow for 
determination of which CITs should routinely 
incorporate RT for its IM activities, and at what 
dose, allowing for the rationale incorporation of 
RT into CIT approaches.
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EXECUTIVE SUMMARY
Immunomodulation by low-dose radiotherapy

●● 	Low-dose radiotherapy (LD-RT) can modulate tumor phenotype.

●● 	Immune cells can be directly modulated by LD-RT in ways that have been reported to be beneficial for antitumor 
efficacy.

●● 	Single dose LD-RT inhibits NF-κB-mediated gene expression via proteasome inhibition.

●● 	LD-RT and hypofractionated doses of RT appear to modulate NF-κB activity via different mechanisms in tumor cells.

Immunomodulation by hypofractionated doses of radiation

●● 	Single dose RT (8–10 Gy) has been shown to modulate phenotype in vitro resulting in enhanced function of effector 
cytotoxic T lymphocytes (CTLs).

●● 	Tumors irradiated with 10 Gy single dose (SD) enhance effector CTL viability and activity.

●● 	Single dose RT in the hypofractionated dose range has been demonstrated to modulate tumor phenotype and gene 
expression by several diverse mechanisms.

●● 	Antigen-presenting cells and TREGS exposed to SD radiation appear to be modulated in ways that could enhance the 
activities of cytotoxic immune cells.

Immunomodulation at work (functional outcomes)

●● 	SD RT (8–10 Gy) has been shown to modulate phenotype in vivo and result in enhanced function of transferred CTLs 
and NK cells.

●● 	10 Gy SD can synergize with therapeutic cancer vaccines to induce an abscopal response.

●● 	In vivo, RT has been shown to influence other noncytotoxic immune cells in a way that could positively influence 
antitumor attack by effector cells.
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