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Radiation therapy is one of the major therapeutic modalities for most solid tumors. The

anti-tumor effect of radiation therapy consists of the direct tumor cell killing, as well as the

modulation of tumor microenvironment and the activation of immune response against

tumors. Radiation therapy has been shown to promote immunogenic cells death, activate

dendritic cells and enhance tumor antigen presentation and anti-tumor T cell activation.

Radiation therapy also programs innate immune cells such as macrophages that leads to

either radiosensitization or radioresistance, according to different tumors and different

radiation regimen studied. The mechanisms underlying radiation-induced macrophage

activation remain largely elusive. Various molecular players such as NF-kB, MAPKs, p53,

reactive oxygen species, inflammasomes have been involved in these processes. The

skewing to a pro-inflammatory phenotype thus results in the activation of anti-tumor

immune response and enhanced radiotherapy effect. Therefore, a comprehensive under-

standing of the mechanism of radiation-induced macrophage activation and its role in

tumor response to radiation therapy is crucial for the development of new therapeutic

strategies to enhance radiation therapy efficacy.
Radiation therapy is one of the cornerstones of cancer may eliminate irradiated cells, but also non-irradiated
therapies. By inducing lethal DNA damages (such as DNA

single- and double-strand breaks), ionizing radiation (IR)
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necrosis and mitotic catastrophe). Several studies recently

highlighted that ionizing radiation may also impact the tu-

moral microenvironment, the associated immune system

and modulate tumor response to radiation therapy [1]. For

example, accumulating evidence demonstrates that radia-

tion therapy can promote tumor immune response by elic-

iting immunogenic cell death, tumor antigen release and

immune cell activations. In addition, the combination of

radiation therapy with a variety of immune modulators also

enhanced tumor regression outside the field of irradiation,

also know as abscopal effect, confirming that the biological

consequences of the ionizing radiation of tumoral micro-

environment components (such as immune effectors) are

key events in tumor response to radiotherapy that remain to

be elucidated [2].

Despite the macrophages play important roles in organ

development, in host defense against tissue insults and in-

fections, and in maintaining tissue homeostasis, these

myeloid cells also participate in metabolic disorders, im-

mune diseases and cancer development [3]. Characterized by

their functional plasticity and heterogeneity, these innate

cells can be activated by a plethora of stimuli such as growth

factors, cytokines, microbial products, nucleotides andmany

other modulators. In vitro stimulation of macrophages by

interferon-g (IFN-g) or tumor necrosis factor-a (TNF-a) and/or

microbial products such as lipopolysaccharides (LPS) induces

classical (M1) macrophage activation, which is characterized

by an IL-12highIL-23highIL-10low phenotype with elevated

production of pro-inflammatory cytokines such as IL-1b,

TNF-a, and IL-6, increased expression of inducible nitric

oxide synthase (iNOS) and reactive oxygen species (ROS).

Classical activated macrophages are proficient effectors in

promoting Th-1 type immune response and in fighting

against bacterial infections as well as malignant tumors. On

the other hand, macrophages stimulated by Th-2 related

cytokines (such as IL-4 or IL-13), IL-10, immune complexes,

glucocorticoids are grouped as alternative activated (M2)

macrophages with an IL-12lowIL-23lowIL-10highTGF-bhigh

phenotype. Alternative activated macrophages express high

level of arginase 1 (Arg1), mannose receptors, scavenger re-

ceptors, galactose-type receptors, and participate in the Th-2

type immune response, the resolution of inflammation, the

tissue repair, the intracellular parasite clearance, the im-

mune regulation, the angiogenesis and the tumor progres-

sion [4].

Macrophages also represent a major cellular component of

the tumor stroma. These tumor-associated macrophages

(TAMs) derived from blood monocytes that differentiate into

macrophages after recruitment to the tumor area by tumor-

derived cytokines and chemokines. In the majority of cases,

TAMs acquire pro-tumorigenic phenotypes that contribute to

tumor growth, tumor invasion, angiogenesis, and tumor

metastasis, making them attractive targets for developing

new anti-cancer strategies [5]. The interaction of ionizing ra-

diation and macrophage activity is the subject of intensive

investigation. This review summarizes recent findings with

regard to the regulation of macrophage activities by ionizing

radiation (IR) and their roles in tumor responses.
Biological consequences of ionizing radiation on
macrophages

In vitro/ex vivo studies

Ionizing radiation is reported in many studies to affect the

biological functions of stimulated macrophages. The physic

characteristics of IR (such as type, dose and treatment sched-

ules), basal activation states and host genetic factors impact

the biological responses of macrophages to ionizing radiation.

Delivered doses dictate biological functions of macrophages
A large body of evidence indicated that low-dose (single

dose �1.0 Gy) irradiation predominantly induced anti-

inflammatory activation of macrophages while high-dose irra-

diation was more prone to enhance the pro-inflammatory

properties of macrophages [6]. For example, earlier studies

using murine resident macrophages or macrophage-like cell

lines demonstrated that ionizing radiation activated macro-

phages, increased the production of iNOSand subsequentnitric

oxide (NO)aswell as theproductionofO2
� [7e9], and inducedthe

expression of several pro-inflammatory cytokines such IL-1b,

IL-6 and TNF-a [10e13]. However, ex vivo irradiation of LPS-

activated BALB/c peritoneal macrophages with low dose

(0.5 Gy) X-ray led to reduced secretion of pro-inflammatory

cytokine IL-1b while increased secretion of anti-inflammatory

cytokine TGF-b, indicating that low-dose irradiation promoted

anti-inflammatory macrophage phenotype in this particular

setting [14]. Low-dose X-ray irradiation at 0.5 or 0.7 Gy reduced

the expression of pro-IL-1b and secretion of IL-1b fromLPS- and

monosodium urate crystals-stimulated THP1-differentiated

macrophages without affecting cell viability. This IR-induced

anti-inflammatory phenotype was associated with reduced

nuclear translocation of RelA and the decreased amount of p38

and Akt kinases [15]. Low-dose but not high dose X-ray irradi-

ationalso reduced theoxidativeburst inactivatedmacrophages

[16]. However, there are also reports showing that low to in-

termediate dose irradiation of mouse peritoneal macrophages

induced an early production of pro-inflammatory IL-1b and IL-6

in a protein kinase C- and phosphatidylinositol 3-kinase-

dependent manner [13].

When irradiated at a higher dose (�1Gy),macrophages tend

to display a pro-inflammatory phenotype. For example, irra-

diation at 1e5 Gy potentiated the production of iNOS andNO in

IFN-g and LPS-stimulated J774.1 and RAW264.7 macrophages

[17]. Interestingly, TNF-a was involved in this boost of pro-

inflammatory mediator as TNF-a blocking antibody treatment

before irradiation inhibited the induction of NO by IFN-g [18].

IrradiationofRAW264.7murinemacrophageswithgamma-ray

at 2.5 Gy up to 20 Gy did not significantly induced the produc-

tion of NO and IL-1b but strongly enhanced NO production and

IL-1b expression in LPS-activated macrophages [19].

Effects of ionizing radiation on human monocytes/macro-

phages have also been evaluated. A single dose of 2 Gy irra-

diation significantly increased the production of IL-1a and IL-

1b in human alveolar macrophages [20]. Another study failed

to detect significant induction of IL-1b or TNF-a after 10 Gy of
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gamma-irradiation in human monocytes/macrophages [21].

Ex vivo X-ray irradiation at 20 Gy induced the expression of

scavenger receptor CD36 in human blood monocyte-derived

macrophages in a way dependent on JNK activation, leading

to enhanced uptake of oxidized low-density lipoprotein and

the formation of foam cells [22].

Intrinsic radiosensitivity of macrophages
The activation of macrophages by irradiation is also depen-

dent on host genetic factors that control macrophage radio-

sensitivity. For example, macrophages from CBA/Ca mice are

more prone to be pro-inflammatory and are more radiosen-

sitive whereas those from C57BL/6 mice which exhibited anti-

inflammatory activities and radioresistant properties [23].

Despite the in vitro direct irradiation of bone marrow-derived

macrophages from both CBA/Ca and C57BL/6 mice had no

clear effect on macrophage phenotype change, the in vivo

irradiation enhanced the M2-like features of macrophages

from C57BL/6 mice. While macrophages from CBA/Ca mice

displayed an intrinsic M1-like phenotype and retained this

pro-inflammatory feature after in vivo irradiation, suggesting

that microenvironment reaction to irradiation may also affect

macrophage activity [24].

Similarly, ex vivo low-dose X-ray irradiations with 0.5 Gy or

0.7 Gy reduced the release of IL-1b and TNF-a in LPS-activated

peritoneal macrophages from BALB/c mice that are more

radiosensitive. However, same treatments failed to induce

such anti-inflammatory response in peritoneal macrophages

from C57BL/6 mice [25]. Another study performed on BALB/c

and C57BL/6 mice showed that ten daily X-ray whole body

irradiations at 0.01 Gy, 0.02 Gy or 0.1 Gy significantly enhanced

cytotoxic activity and NO production of IFN-g- and LPS-

activated peritoneal macrophages from both strains. These

responses that are different in their kinetics and their mag-

nifications are associated with comparable reduced pulmo-

nary tumor growths detected after intravenous injection of

syngenic tumor cells. Notably, the authors reported that low-

dose X-ray irradiated macrophages without further activation

by IFN-g or LPS only produced negligible amounts of NO as did

unirradiated macrophages [26].

Host age seems also to affect macrophage activation in

response to gamma-ray irradiation. Macrophages from aged

rats were more radiosensitive than those from young rats as

evidenced by irradiation-induced higher generation of su-

peroxide anion, increased apoptosis and decreased cell

viability [27].

Properties of irradiation
The physic and biologic properties of irradiation affect

differentially macrophage functions. For example, at 2 Gy,

low-linear energy transfer (LET) gamma-irradiation activated

preferentially ERK kinase, while high LET carbon ion activated

p38 and JNK kinases [28]. In another study, neither X-ray nor

carbon ions irradiation up to 32 Gy induced pro-inflammatory

cytokines such as TNF-a and IL-1b and NO production in

RAW264.7 macrophages. Both rays did not affect TNF-a pro-

duction in LPS-activated macrophages. However, carbon ions

increased macrophage phagocytosis, NO production along

with a decreased IL-1b production in LPS-activated macro-

phages whereas X-ray irradiation resulted in a reduction of
NO at low doses and no significant effect on IL-1b expression

or phagocytic activities [29].

In vivo studies

It has been demonstrated that low-dose radiation increased

the serum level of IL-3, IL-4, monocyte chemoattractant pro-

tein (MCP)-1 and -5, macrophage inflammatory protein alpha

(MIP-a) and vascular endothelial growth factor (VEGF) and

decreased IL-12p70, IL-13, IL-17 and IFN-g, suggesting that

low-dose irradiation suppressed pro-inflammatory responses

in mice [30]. In concert to these findings, low-dose (5 fractions

of 1.0 Gy or 5 fractions of 0.5 Gy) X-ray irradiation in adjuvant-

induced arthritis in rats significantly reduced the expression

of iNOS and increased significantly HO-1 expression in mac-

rophages, leading to reduced clinical symptoms and bone

destruction [31].

Peritoneal macrophages
Althoughmany studies have confirmed the anti-inflammatory

properties of low-dose irradiation [32], some studies showed

that low-dose irradiation enhanced pro-inflammatory proper-

ties ofmacrophages that contributed to tumor suppression. For

example, 0.04 Gy in vivo irradiation induced enhanced NO and

reactive oxygen species such as O2
� in peritoneal resident

macrophages [8]. Total body low dose (5 fractions of 0.04 Gy)

gamma-ray irradiation enhanced macrophage phagocytosis

andNOproductionalongwith increasedCD8þTcell response in

C57BL/6 mice, suggesting an immune stimulatory role of low-

dose irradiation in this setting [33]. Likewise, low-dose (0.01,

0.02, or 0.1 Gy) fractionated X-ray whole body irradiation (5

days/week for two weeks) in BALB/c mice increased the anti-

tumor activities of macrophages and NK cells that were asso-

ciated with suppressed formation of pulmonary tumor col-

onies. IR enhanced NO production, IL-1b, IL-12 and TNF-a

secretion with increased cytotoxic activities in IFN-g and LPS-

stimulated mouse peritoneal macrophages [34,35]. However,

although irradiation alone still increased the cytotoxic activity

of untreated peritoneal macrophages, it failed to induce the

production of NO [34].

Lung macrophages
Thoracic X-ray irradiation at 12 Gy in C57BL/6 mice induced

iNOS expression from 8 h until 72 h post-irradiation while an

increase in Arg1 expression in a later phase at 16 weeks and 24

weeks post-irradiation, which are associated with the

radiation-induced acute pneumonitis and chronic fibrosis,

respectively [36]. Irradiation of lung macrophages caused p38-

mediated inhibitory phosphorylation and proteasomal

degradation of a TNF-a regulator, the tristetraprolin, leading

to increased TNF-a expression that contributed to radiation-

induced lung toxicity [37]. In BALB/c mice, thoracic irradia-

tion using X-ray at 10 Gy caused an increase of macrophage

infiltration and activation of pro-inflammatory macrophages

as revealed by high iNOS and low Arg1 expression 18 weeks

after irradiation [38].

Colon macrophages
Irradiation at 20 Gy or 27 Gy in rats caused a significant in-

crease in macrophage recruitment in lamina propria with a
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shift of iNOS/Arg1 and CCR7/CD163 ratio toward higher iNOS

and CCR7, respectively. Interestingly, irradiation increased

TLR4þ and TLR5þ macrophage infiltration. Systemic admin-

istration of TLR4 agonist LPS or TLR5 agonist flagellin main-

tained this high macrophage infiltration but increased the

expression of Arg1 and CD163. Accordingly, while irradiation

without further treatment induced the expression of pro-

inflammatory CXCL10, TNF-a and IL-1b in the mucosa, irra-

diation followed by LPS or flagellin treatment reduced the

expression of these cytokines/chemokines but increased the

expression of M2-macrophage-associated CCL22, TGF-b and

IL-10 [39].

Brain macrophages
Brain irradiation led to increased myeloid cell infiltration

dependent on CCR2 signaling pathway [40]. Cranial irradiation

of C57BL/6J mice using gamma-ray at 10 Gy induced a signif-

icant accumulation of activated macrophages with increased

levels of pro-inflammatory cytokines, chemokines [41].

Kidney macrophages
Higher dose (16 Gy) X-ray irradiation promoted macrophage

infiltration into the kidney and the production of pro-

inflammatory cytokines such as IL-1b and IL-6 in a way

dependent on TGF-b co-receptor endoglin [42].
Mechanisms

Direct effects

IR may activate many signaling pathways and key transcrip-

tion factors that are involved in macrophage activation.

Additionally, in many studies, IR alone failed to affect the

production of effector molecules or cytokines but either

enhanced or inhibited the expression of these inflammatory

mediators in IFN-g or LPS-activated macrophages, suggesting

that IR might also serve as a prime signal or work at a post-

translational level to regulate macrophage functions [17,43].

Toll-like receptor (TLR)- myeloid differentiation primary
response 88 (MyD88) pathway
Shan YX et al. demonstrated that both low (0.075 Gy) and high

(2 Gy) doses irradiation induced pro-inflammatory IL-12 and

IL-18 production in mouse peritoneal macrophages. Irradia-

tion induced a dose-dependent up-regulation of CD14 and

TLR4-MD expression in macrophage surface and increased

expression of MyD88 in macrophage cytoplasm, indicating an

activation of TLR-MyD88 signaling pathway [44]. Another

study showed that ex vivo low dose (0.05e0.1 Gy) X-ray irra-

diation of isolated human monocytes increased high mobility

group box 1 protein (HMGB1) release and TLR4 and TLR9

expression, leading to increased MyD88-interleukin 1

receptor-associated kinase 1 (IRAK1) interaction and subse-

quent activation of NF-kB (at both 0.05 and 0.1 Gy) and MAPKs

(ERK, JNK and p38; at 0.05 Gy) signaling pathway. However, at a

higher dose of 1 Gy, although HMGB1 release remained

increased, NF-kB activity was inhibited and the three MAPKs

were down regulated [45].
Nuclear factor-kB (NF-kB) pathway
Fractionated ionizing radiation (2 Gy/fraction for 5 fractions)

activates NF-kB with significant induction of pro-

inflammatory markers such as CD80, CD86 and HLA-DR and

inhibition of the expression of anti-inflammatory markers

including CD163, macrophage mannose receptor 1 (MRC1),

versican (VCAN) and IL-10 in humanmacrophages [46]. On the

other hand and in agreement with the anti-inflammatory

properties of low-dose irradiation in many studies, ex vivo

irradiation of LPS-activated BALB/c peritoneal macrophages

with low dose (0.5 Gy) X-ray showed that irradiation inhibited

NF-kB activity in macrophages by impeding the nuclear

translocation of NF-kB p65, leading to reduced expression of

pro-inflammatory cytokines and increased production of anti-

inflammatory cytokines [14,15]. However, how ionizing radi-

ation regulates NF-kB activity in macrophages is still unclear.

Studies in HeLa and HEK293 cells demonstrated that gamma-

ray irradiation activates IkB kinase (IKK) that phosphorylates

IkBa at ser-32 and ser-36 leading to its proteasomal degrada-

tion and NF-kB activation [47]. DNA damages and reactive

oxygen species also activate NF-kB [48,49]. Whether and how

these mechanisms are involved in irradiated-macrophages

require further researches.

Mitogen-activated protein kinases (MAPKs) pathway
Both gamma-irradiation and carbon ion irradiation were

shown to activate macrophages by activating MAPK signaling

pathway (including ERK, JNK and p38) and the induction of NO

and ROS generation [50]. Ex vivo gamma-ray irradiation at 2 Gy

induced activation of all three MAPKs (ERK1/2, JNK and p38) in

mouse peritoneal macrophages [51]. Low-dose gamma irra-

diation (0.1 Gy) was shown to up-regulate the expression of

the transcription factor nuclear erythroid-derived 2-related

factor (Nrf2) and promoted its nuclear translocation in

RAW264.7 macrophages. An enhanced Nfr2 activity led to

increased expression of heme-oxygenase-1 (HO-1) that is

involved in antioxidant reaction in a way dependent on ERK1/

2 pathway [52]. 2 Gy gamma-ray irradiation of LPS-activated

peritoneal macrophages from Swiss mice showed enhanced

production of iNOS and NO that was abrogated by JNK inhib-

itor [53]. Inversely, another study demonstrated that 0.5 Gy

gamma-ray irradiation up-regulated the expression of MAPK

phosphatase 1 (MKP-1), which dephosphorylated ERK1/2 and

p38 MAPK, leading to inactivation of p38 MAPK and reduced

production of TNF-a in LPS-activated RAW264.7 macrophages

[54].

P53-dependent signaling pathways
Irradiation induces DNA damages in cells that lead to the

activation of the transcription factor p53. P53 and NF-kB

cooperatively regulate the expression of pro-inflammatory

genes in human macrophages [55]. In addition, p53 was

demonstrated to suppress anti-inflammatory macrophage

activation [56]. Further more, it is reported that p53 promotes

hepatic stellate cell (HSC) senescence, regulate senescence-

associated secretory phenotype and activates HSC towards

anti-tumoral M1 phenotype [57]. On the other hand, it is also

shown that p53 can block pro-inflammatory activation of

macrophages by inhibiting signal transducer and activator of
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transcription (STAT)-1 and p53�/� macrophages produced

more pro-inflammatory cytokines as compared with p53þ/þ

cells [58]. Thus, p53 may play complex roles in macrophage

activation. However, the direct role of p53 in IR-induced

macrophage activation remains to be established.

Inflammasomes
Irradiation activated NLRP3 inflammasome in mouse macro-

phages in a dose-dependent manner [59]. This NLRP3 activa-

tion and subsequent increased secretion of IL-1b were

involved in irradiation-induced lung inflammation [60]. In

addition, irradiation also activated another inflammasome

absent in melanoma 2 (AIM2) in macrophages and increased

IL-1b expression that was associated with radiation pneu-

monitis [61].

Reactive oxygen species (ROS)
Ionizing radiation also exerts its biologic activities through the

generation of ROS. ROS have been demonstrated in many

studies to serve as secondary messenger molecules that

regulate MAPK and NF-kB activity, leading to expression of

pro-inflammatory genes and classical macrophage activation

[62,63]. Nevertheless, a recent study points out that ROS were

also critical for M2 macrophage differentiation from mono-

cytes. Pharmacological inhibition of superoxide blocks the

differentiation of monocyte to M2 macrophages by the

macrophage colony stimulating factor (M-CSF). While this

inhibitory effect of ROS elimination in macrophage differen-

tiation was overcome during M1 macrophage activation [64].

Another study also showed that ROS were induced by MCP-1

protein and were required for IL-4 induced M2 macrophage

activation [65], suggesting that ROS may have more compli-

cated roles in driving differential macrophage activations in

different contexts.

Many other signaling pathways such as interferon-

regulatory factors (IRFs), signal transducer and activator of

transcription (STAT), and suppressors of cytokine signaling

(SOCS) and microRNAs have been also involved in macro-

phage activation [62]. Although their roles in macrophage

response to irradiation are still largely unknown, irradiation

may directly or indirectly regulate these pathways and affect

macrophage activation. It also should be noted that all these

pathways are not mutually exclusive but rather may closely

interact with each other and collectively contribute to distinct

macrophage activation in a stimuli- and microenvironment-

dependent manner.

Indirect effects

Irradiation might also affect macrophage functions indirectly,

either through the release of soluble factors or through

cellecell interactions. Non-cell autonomous effects of irradi-

ation on macrophages may depend on irradiation dose

delivered. Lower dose irradiation induced apoptosis of tumor

cells and stromal cells that are efficiently engulfed by

macrophage leading to clearance of tumor antigens and pro-

duction of anti-inflammatory mediators including TGF-b and

IL-10. On the contrary, higher dose irradiation such as devel-

opped by stereotactic body radiation therapy released

damage-associated molecular patterns (DAMPs) that induce
the expression and the production of pro-inflammatory cy-

tokines, chemokines and effector molecules [6].

Cellecell interactions
Apoptotic cells promote the secretion of anti-inflammatory

cytokine IL-10 and inhibit the production of pro-

inflammatory cytokines such as TNF-a, IL-1b and IL-12 in

LPS-activatedmacrophages in a way that partially depends on

the thrombospondin receptor (CD36) [66]. Basal macrophage

activation state may influence the modulatory effect of

apoptotic cells on macrophages. For example, engulfment of

apoptotic cells by non-stimulated and M2 macrophages in-

duces the expression of anti-inflammatory macrophage

markers such as Arg1 and TGF-b, whereas such engulfment by

M1 macrophages induced expression of pro-inflammatory

markers such as iNOS and NO, superoxide, IL-6 and TNF-a

[23]. Irradiated tumor cells also interact with macrophages to

induce the expression of iNOS and the production of NO in a

way dependent of the TLR 1 receptor which in turn promote

tumor regrowth after irradiation [67]. However, another study

demonstrated that co-culturing of BMDMs with irradiated

prostate tumor cells revealed an increased expression of pro-

tumorigenic factors such as Arg1, Fizz, CSF-1, CD206, MMP-9,

VEGF-A, IL-1b and IL-10, as well as a decreased expression of

pro-inflammatory genes such as iNOS and IL-12 [68].

Soluble mediators
Local high dose (15 Gy) irradiation induced IFN-g expression in

the tumor microenvironment that may contribute not only to

anti-tumor T cell immune response but also promote pro-

inflammatory activation [69] of tumor-associated macro-

phages that further enhance anti-tumor immunity. Irradia-

tion also promotes immunogenic cell death to tumor cells that

are characterized by the release of HMGB1, ATP and the

membrane translocation of calreticulin [70e74]. HMGB1 upon

ligation with TLR4 activated NF-kB signaling pathway [70,75].

ATP binds to P2X7 purinergic receptor and activates the NLRP3

inflammasome [76,77]. Both NF-kB and NLRP3 inflammasome

activation contribute to expression and maturation of pro-

inflammatory cytokines such as IL-1b [78,79]. On the con-

trary, low-dose (0.3e0.7 Gy) irradiation was shown to inhibit

peripheral blood monocyte recruitment and adhesion to

endothelial cells due to increased TGF-b and decreased E-

selectin expression in irradiation-stimulated endothelial cells

[80], which may account for another mechanism of anti-

inflammatory properties of low-dose irradiation.
Tumor-associated macrophages: preclinical
studies

Irradiation induces tumor-associated monocytes/
macrophages recruitment

Irradiation has been shown in many studies to induce

monocyte/macrophage infiltration in tumors that in turn

limits the efficacy of radiotherapy. Tumor hypoxia created by

radiation-promoted vasculature disruption and enhanced

activities of HIF-1/HIF-2 induced various cytokines/chemo-

kines expression by residual tumor cells and tumor stromal.

http://dx.doi.org/10.1016/j.bj.2017.06.003
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Several signaling pathways including colony stimulating fac-

tor 1 (CSF-1)/CSF-1R, stromal cell-derived factor 1 (SDF-1)/

CXCR4 and VEGF/VEGFR are involved in radiation-induced

macrophage recruitment. Recruited macrophages adopted

an M2-like pro-tumoral phenotype with enhanced pro-

survival and pro-angiogenic activities, often leading to

tumor recurrence and treatment failure [81].

CSF-1/CSF-1R-dependent signaling pathways
In a mouse MMTV-PyMTederived mammary tumor model,

single dose of gamma-irradiation at 5 Gy promoted macro-

phage recruitment into tumor stromal, which displayed a

mixed M1 and M2 activated phenotype. Macrophage accu-

mulation after irradiation was associated with an increased

CD4þ T cell infiltration. Different strategies, such as macro-

phage depletion with neutralizing mAb to CSF-1 or a

competitive ATP inhibitor of the CSF-1 receptor kinase

PLX3397, CD4þ T cell depletion with neutralizing mAb to CD4

and IL-4 neutralization using antibody to IL-4, all resulted in

delayed tumor regrowth after irradiation, which is abrogated

by CD8þ T cell depletion. This study suggests that irradiation

promotes macrophage recruitment that created an immuno-

suppressive microenvironment with IL-4 expressed by CD4þ T

cell and suppresses anti-tumor T cell response [82]. Similarly,

in a murine prostate cancer models, irradiation was shown to

promote CSF-1 expression in tumor cells in part via DNA

damage-induced nuclear translocation of the Abelson murine

leukemia viral oncogene homolog 1, ABL1. Increased CSF-1

induced recruitment of tumor-associated macrophages and

myeloid-derived suppressor cells (MDSCs), which could be

abrogated by a selective CSF-1R inhibitor. Accordingly,

combinatory treatment with irradiation and CSF-1R inhibitor

significantly improved anti-tumor efficacy [68].

SDF-1/CXCR4-dependent signaling pathways
After radiation therapy, tumor-associated macrophages

accumulated in tumor hypoxic regions. Usingmurine prostate

adenocarcinoma, astrocytoma and glioma models, it was

shown that CD11blow/F4/80þmacrophages were mainly

distributed at the junctions of central necrotic and sur-

rounding hypoxic area whereas CD11blow/CD68þ macro-

phages were located in the hypoxic regions in irradiated

tumors. Tumor hypoxia induced the expression of SDF-1a that

recruited tumor-associated macrophages that expressed high

level of M2-macrophage marker Arg1 and contribute to tumor

regrowth after radiation therapy [83]. In a glioblastoma mul-

tiforme xenograft model, irradiation induced hypoxia induc-

ible factor-1 (HIF-1)-dependent expression of SDF-1, which

upon interaction with its receptor CXCR4, induced recruit-

ment of macrophages that restored tumor vasculature and

promoted tumor regrowth. Inhibition of HIF-1 or SDF-1/CXCR4

interaction efficiently abrogated tumor vasculogenesis and

tumor regrowth [84]. In anothermurine ALTS1C1 glioblastoma

multiforme (GBM) model, whole-brain irradiation at 8 Gy or

15 Gy led to shrinkage of tumor core, but increased the

number of tumor infiltrating islands along with increased

blood monocyte-derived tumor-associated macrophages.

Similarly, irradiation reduced the microvascular density

(MVD) in the primary tumor core but increased theMVD in the

tumor invasion front. Both the IR-induced macrophage
accumulation and MVD increase at the invasion front were

suppressed by depletion of stromal-derived factor 1 (SDF-1) in

tumor cells, which further resulted in decreased IR-induced

tumor invasiveness [85]. Likewise, inhibition of SDF-1a re-

ceptor CXCR4 with AMD3100 was shown to significantly

delayed xenograft lung tumor regrowth after radiation ther-

apy [86].

Irradiation promotes anti-inflammatory activation of TAMs

In several different animal tumor models, irradiation induced

a pro-tumor phenotype that suppress anti-tumor immune

response and promote tumor growth via their pro-angiogenic

activities. For instance, in a murine prostate cancer model,

irradiation induced high expression level of Arg1,

cyclooxygenase-2 and iNOS in tumor-associated macro-

phages that promoted tumor growth [87]. Macrophages from

irradiated tumors also display low MHC class II expression,

indicating their pro-tumor activities [68]. In an oral squamous

cell carcinoma model, local irradiation (12 Gy) promoted the

recruitment of CD11bþ myeloid cells into tumors. These

myeloid cells differentiated into macrophages that were

further activated in the tumor hypoxic microenvironment

created by irradiation and acquired anM2-like phenotype.M2-

like macrophages then promote tumor recurrence via their

ability of promoting tumor vasculogenesis [88]. Radiation

therapy upregulated VEGF expression in tumor-associated

macrophages in a TNF-a dependent manner that contributed

to tumor radioresistance [89].

Three fractions of 20 Gy of X-ray irradiation significantly

increased myeloid cells and in particular tumor-associated

macrophage infiltration in mouse pancreatic tumors,

which although showed a transient up-regulation of several

pro-inflammatory genes such as cd80, tnf, and tnfsf9 one day

after irradiation, markedly increased the expression of M2

macrophage marker Arg1 and no expression of iNOS at 7

days after IR. In addition, macrophage co-cultured with

irradiated tumor cells increased the expression of anti-

inflammatory cytokine IL-10 following LPS stimulation in a

way that depends on NF-kB p50 subunit as compared to

those co-cultured with unirradiated tumor cells. In accor-

dance with the findings that NF-kB p50 subunit is a key

component in the orchestration of M2-macrophage activa-

tion and in inhibiting M1-driven inflammatory response

[90], radiation therapy effectively controlled tumor growth

in mice deficient of NF-kB p50 and led to improved animal

survival. Interestingly, NF-kB p50 deficiency induced long-

term specific anti-tumor immunity that protected animal

from tumor rechallenge [91]. However, the changes of NF-kB

p50 activity in tumor-associated macrophages following

irradiation were not documented in these studies.

In another murine pancreatic ductal adenocarcinoma

model, tumors receiving ionizing radiation (with doses

ranging from 2 to 12 Gy) contain higher proportion of M2-like

tumor-associated macrophages with increased Th2 and T

regulatory (Treg) cells and fewer CD8þ T cells than do control

tumors. As a result, radiation promotes higher frequency of

advanced pancreatic intraepithelial lesions and invasive

cancer and shortens the overall survival time of animals as

compared to non-irradiated tumor-bearing control animals.

http://dx.doi.org/10.1016/j.bj.2017.06.003
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Radiation induced the production of M-CSF by tumor cells,

which not only recruited tumor-associated macrophages but

also differentiated them into immune-suppressive macro-

phage phenotype. Thus,macrophage depletion or inactivation

by anti-F4/80 or anti-M-CSF neutralizing antibody prevented

radiation induced M2 macrophage phenotype and increased

anti-tumor T cell response [92].

Irradiation also favors pro-inflammatory activation of
TAMs

Given the plasticity and diversity of macrophage functions, it

is not surprising that some other studies demonstrate that

irradiation can also programTAMs towards pro-inflammatory

phenotype that contributes to anti-tumor response. These

discrepancies may rely on different doses and different tumor

models used in the studies.

In a prime study on murine insulinoma, local low-dose

irradiation as well as total body low-dose irradiation reprog-

rammed macrophages towards an iNOSþ/M1 phenotype

[93,94]. Importantly, the skewed M1 macrophages by local

low-dose irradiation contributed to vascular normalization

and improved T cell immunotherapy [93]. Total body low-dose

irradiation not only increased iNOS and the effector molecule

NO and Th1 effector cytokines such as TNF-a, IL-12 (p70) and

IFN-g in peritoneal macrophages and tumor-associated mac-

rophages but also significantly inhibited M2 macrophage

markers such as Ym-1, Arg1 and Fizz-1. Although detailed

mechanisms remain unclear, NF-kB, STAT3 and p38 MAPK

were suggested to be involved [94]. Another studywithmurine

breast cancer showed that matrixmetalloproteinase (MMP) 14

inhibition using inhibitory antibody decreased the expression

of TGF-b, and promoted macrophage activation towards pro-

inflammatory phenotype as evidenced by an increased

expression of iNOS. MMP14 blockade synergized with radio-

therapy by improving tumor vascularization and reduction of

tumor hypoxia [95].

The effect of irradiation on tumor-associated macrophage

functions may vary during different phases. In the early

phases, macrophages respond to dying tumor cells and

DAMPs and differentiated into pro-inflammatory macro-

phages. However, at a later phase, following the vascular

disruption, fibrosis, and tumor hypoxia, resident and recruited

macrophages may skew to a regulatory phenotype that favors

angiogenesis and tissue repair, leading to tumor regrowth [6].
Tumor-associated macrophages: clinical
researches

In light of their central role in cancer biology and cancer

therapies in pre-clinical studies, tumor-associated macro-

phages have attracted enormous attention in clinical

researches.

Brachytherapy of uveal melanoma also induced increased

infiltration of tumor-associated macrophages [96]. Another

study showed an increased serum level of CSF-1 in prostate

cancer patients that received radiotherapy, which might be

involved in tumor-associated macrophage recruitment [68].

Baseline CD163 expression in tumor-associated macrophages
is a poor predicting marker of clinical outcome in chemo-

radiation-treated head and neck squamous cell carcinoma

patients [97]. Surprisingly, a study from 29 locally advanced

rectal patients undergoing preoperative short-course radio-

therapy showed that the HLA-DRþ M1 macrophage score was

inversely related to tumor response to radiotherapy whereas

CD163þ M2macrophage score was not significantly correlated

[98]. These results should be further validated in more pa-

tients before drawing a definitive conclusion. In a study of 73

primary advanced cervical squamous cell carcinoma patients

undergoing radiotherapy, it was shown that the hypoxia

inducible factor HIF-2a expression in tumor-associated mac-

rophages was inversely related to disease-free survival and an

higher HIF-1a positive tumor-associated macrophage ratio

was associated with increased risk of local recurrence [99].

Although these scattered pieces of evidence demonstrate

critical roles of tumor-associated macrophages in tumor re-

sponses to radiation therapy, more effort is required in

disclosing the mechanisms and in developing new strategies

to promote anti-tumor activities while prevent pro-tumor

features of TAMs.
Targeting macrophages to enhance radiation
therapy efficacy

As CSF-1/CSF-1R and SDF-1/CXCR4 are important pathways

involved in irradiation-induced macrophage recruitment,

blocking these pathways has shown promising tumor-

suppressing activities and synergized effects with radiation

therapy. For example, CSF-1R inhibition using PLX3397 in-

hibitor combined with irradiation significantly reduced the

number of CD11bþ myeloid cells and blocked the differentia-

tion of pro-tumorigenic tumor-associated macrophages,

leading to improved tumor control and prolonged animal

survival [100]. CSF-1R inhibitor in combination with irradia-

tion not only profoundly decrease the infiltration of tumor-

associated macrophages and pro-tumoral myeloid-derived

suppressor cells but also significantly reduced the expression

of IR-induced CSF-1, Arg1, MMP9 and CCL2, suggesting a

reprogramming to anti-tumor phenotype [68]. Similarly,

CXCR4 inhibition with AMD3100 significantly delayed xeno-

graft lung tumor regrowth after radiation therapy [86]. Other

strategies such as blocking CD11b [101] and MCP-1 [102] using

neutralizing antibodies also yielded enhanced anti-tumor ef-

fect of radiation therapy.

Macrophage reprogramming represents a more attractive

and perhaps less toxic strategy. The effects of different

radiotherapy regimens such as hyper-fractionated versus

hypo-fractionated radiation therapy, conventional radio-

therapy versus accelerated radiotherapy, low-dose radio-

therapy versus high-low radiosurgery, on the modulation of

macrophage functions and on the tumor control, will be

extremely interesting subjects of research. In addition,

combined strategies with radiotherapy and other methods to

boost the anti-tumor phenotype of macrophages and anti-

tumor immunities also provide opportunities towards effi-

cient tumor treatment. For example, irradiation when com-

bined with the glycolytic inhibitor 2-deoxy-D-glucose was

shown to activate macrophages and promoted the

http://dx.doi.org/10.1016/j.bj.2017.06.003
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production of various pro-inflammatory cytokines such as

TNF-a, IFN-g, IL-12 and IL-2, while inhibited the expression of

anti-inflammatory mediators such as IL-10 and TGF-b,

demonstrating a skewing towards M1 phenotype [103].

Combined treatment with radiation and hyperthermia of

tumor cells increased HSP70 surface exposure and extracel-

lular release that enhanced phagocytic activity and produc-

tion of inflammatory cytokine IL-8 in macrophages [104]. It

would be also interesting to ask whether ex vivo activation of

blood monocyte-derived macrophages by irradiation or by

other methods and autologous transfusion of these classical

activated macrophages might improve radiation therapy

effect.

Immune checkpoint blockade has shown significant

advance in recent years and has led to spectacular anti-tumor

effect both in pre-clinical models and in many clinical studies

[105]. IR was shown to up-regulate the expression of PD-L1 in

tumor cells, dendritic cells and TAMs that limit the anti-tumor

effect of radiotherapy. However IR-induced PD-L1 up-

regulation in TAMs thus represents an important obstacle

for efficient tumor control. Combined therapy of irradiation

and anti-PD-L1 resulted in activation of cytotoxic T cells and

synergistic elimination of MDSCs by T cell-generated TNF,

which is associated with delayed tumor growth [92,106].
Fig. 1 Ionizing radiation dictates tumor-associated m
Furthermore, deeper studies of the mechanisms of

irradiation-induced macrophage and a more comprehensive

understanding of irradiation impacts on macrophages func-

tions such as MHC molecules expression and antigen pre-

sentation, CD47-signal regulatory protein alpha and

phagocytosis [107], might provide more tools to modulate

macrophage activities and enhance tumor treatment effect.
Concluding remarks

Apart from its tumor-killing role, irradiation profoundly im-

pacts on tumor microenvironment. In particular, irradiation

significantly affects the functions of tumor-associated mac-

rophages [Fig. 1]. Although data from different studies using

variant models and irradiation strategies did not provide a

uniform scenario and a definitive conclusion with respect to

the effects of irradiation on TAMs activation, our knowledge of

radiobiology in immune system at both cellular andmolecular

levels has significantly improved. On going studies on mo-

lecular mechanisms and exploration on different combina-

tory strategies will certainly pave ways to more effective and

less toxic ant-tumor treatments and bring more benefits to

cancer patients.
acrophage activation and anti-tumor response.
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