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Abstract

Objective Tumor-associated macrophages (TAMs) are the most represented cells of the immune system in the tumor
microenvironment (TME). Besides its effects on cancer cells, radiation therapy (RT) can alter TME composition. With this
systematic review, we provide a better understanding on how RT can regulate macrophage characterization, namely the
M1 antitumor and the M2 protumor polarization, with the aim of describing new effective RT models and exploration of
the possibility of integrating radiation with other available therapies.

Methods A systematic search in line with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines was carried out in PubMed, Google Scholar, and Scopus. Articles from January 2000 to April 2020
which focus on the role of M1 and M2 macrophages in the response to RT were identified.

Results Of the 304 selected articles, 29 qualitative summary papers were included in our analysis (16 focusing on
administration of RT and concomitant systemic molecules, and 13 reporting on RT alone). Based on dose intensity,
irradiation was classified into low (low-dose irradiation, LDI; corresponding to less than 1 Gy), moderate (moderate-dose
irradiation, MDI; between 1 and 10Gy), and high (high-dose irradiation, HDI; greater than 10Gy). While HDI seems
to be responsible for induced angiogenesis and accelerated tumor growth through early M2-polarized TAM infiltration,
MDI stimulates phagocytosis and local LDI may represent a valid treatment option for possible combination with cancer
immunotherapeutic agents.

Conclusion TAMs seem to have an ambivalent role on the efficacy of cancer treatment. Radiation therapy, which exerts
its main antitumor activity via cell killing, can in turn interfere with TAM characterization through different modalities.
The plasticity of TAMs makes them an attractive target for anticancer therapies and more research should be conducted to
explore this potential therapeutic strategy.
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Background

Solid tumors are composed of both malignant cells and
several nonmalignant hematopoietic and mesenchymal
cells. Among the latter are tumor-associated macrophages
(TAMs), which represent the most abundant subpopulation
of tumor-infiltrating immune cells in the tumor microen-
vironment (TME) [1] and can interfere with tumor pro-
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by producing reactive oxygen/nitrogen species (ROS/RNS)
and proinflammatory cytokines such as interleukin (IL)-
1B, IL-6, and tumor necrosis factor o (TNF-a). In terms of
their activity, they are generally considered as antitumor
macrophages [3]. On the other hand, cytokines such as
IL-4, IL-10, and IL-13 can induce macrophage polarization
to the M2 subtype, which is not only crucial for the onset of
the classical Th2 immune response (i.e., humoral immunity,
wound healing, tissue remodeling), but it is also key for the
production of anti-inflammatory cytokines such as IL-10
and TGF-f which foster tumor evolution. M2 macrophages
are therefore considered to be protumor cells [4]. However,
this “black and white” model has shown its limitations,
mainly due to the existence of multiple intermediate states
between M1 and M2; the polarization process is therefore
dynamic, and macrophages often display characteristics of
both profiles at the same time.

Besides its cytocidal effect on cancer cells, radiother-
apy (RT) also plays a role in affecting the TME through
multiple mechanisms, both direct and indirect, acting on
different cell types. The interaction with tumor vascular-
ization and immune cells remains crucial [5]. Endothelial
damage, a central player in the induction of therapy-re-
lated inflammation, hampers CD8+ T cell infiltration into
tumors and promotes the development of an immunosup-
pressive milieu affecting the efficacy of cancer therapies.
As a consequence, suppressor cells such as M2 TAMs,
myeloid-derived suppressor cells (MDSCs), and regulatory
T cells (Tregs) gather together. Furthermore, hypoxic re-
gions within the tumor are increased and hinder oxygen-
dependent DNA damage, providing an even more reduced
anticancer RT effect. We believe that a better understanding
of the processes underpinning macrophage characterization
under the influence of irradiation (IR) could be of help to
establish new, effective RT schemas. Moreover, the asso-
ciation of RT with other available treatment options (i.e.,
immunotherapy) should be explored.

Methods
Search strategy

A systematic search in line with the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA [6]) guidelines was carried out in PubMed,
Google Scholar, and Scopus. It was performed from Jan-
uary 2000 to April 2020 in order to identify articles focused
on the role of M1 and M2 macrophages in response to ra-
diation. Medical terms referring to radiotherapy were used
in combination with M1 and M2 (note that we used the
“AND” Boolean logic symbol to restrict the area of in-
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vestigation as follows: “macrophages and radiotherapy,’
“radiation oncology,” “TAMs,” “TAM,” and “MERT”).

Screening process

All articles were screened by two independent reviewers
(CB and MS). The reviewing selection process was based
on title, abstract, and full text. Manuscripts exploring the
role of and changes in M1 and M2 macrophages following
irradiation were included in the systematic review. All study
designs, with the exception of reviews, editorials, case stud-
ies, and conference abstracts/posters, were included. Lan-
guages other than English were excluded, as were studies
that were not available in full-text version format. However,
titles and abstracts selected by either one of the review-
ers were included for additional screening. At each level
of the screening process, when different opinions existed
among the two reviewers as to whether to include a record
or not, a mutual agreement was reached (see Fig. 1 for the
flowchart). We extracted data from the included studies: for
each paper, the principal author, publication year, number
of patients, age, type of diagnostic imaging, treatment, and
outcomes of interest were recorded. Data were summarized
in evidence tables and described in the text.

Results

Of the 304 articles initially screened and considered poten-
tially relevant to the topic of this study, 26 were eventually
included. The selected articles were categorized according
to the description of M1/M2 changes when exposed to ra-
diotherapy. The research flow and selection process are
shown in Fig. 1. We separately analyzed the manuscripts
containing only radiation therapy (10 articles) and those
that explore the impact of radiotherapy and concomitant
drugs on macrophage status (16 articles). For convenience,
based on different IR doses analyzed, we referred to high-
dose irradiation (HDI) as doses higher than 10Gy, mod-
erate-dose irradiation (MDI) as doses ranging from 1 to
10 Gy, and low-dose irradiation (LDI) as doses lower than
1 Gy.

Role of TAMs in tumor initiation and progression

TAMs actively participate in tumor angiogenesis, matrix
remodeling, invasion, immunosuppression, metastasis, and
chemoresistance in various types of cancer. Several clin-
ical studies have indicated that the presence of a tumor
infiltrate characterized by high levels of TAMs represents
a negative prognostic factor, as in the case of hepatocellu-
lar, ovarian, cervical, and breast cancer [7]. TAMs exhibit
a wide spectrum of phenotypes, loosely categorized as the
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Fig. 1 Flowchart of inclusion
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MI1-M2 polarization spectrum, with M1 macrophages be-
ing generally proinflammatory and M2 macrophages pre-
senting with anti-inflammatory and proangiogenic features.
The activation of a particular macrophage profile seems
to be dependent on the cytokine milieu, the production of
specific growth factors, and the presence of hypoxia. While
TAMs are very frequently differentiated into the M2 phe-
notype, the polarization process is, by definition, dynamic,
and these cells very often display characteristics of both
states at the same time.

Effects of RT alone on macrophages status

Macrophages are one of the most radioresistant cell types
[8]. This characteristic is attributed to the production of an-
tioxidative molecules, such as manganese superoxide dis-
mutase (MnSOD), which are responsible for cellular re-
sistance against damaging effects produced by radiation-

induced radicals such as reactive oxygen and nitrogen spe-
cies (ROS and RNS, respectively). Tsai and colleagues [8]
reported that after irradiation, Arg-1, COX-2, and inducible
nitric oxide synthase (iNOS) are overexpressed in TAMs,
which stimulates tumor growth. Of note, iNOS has a dual
effect on tumor expansion, depending on its levels [9, 10]:
the amount produced by M1 macrophages can kill can-
cer cells, while at lower concentrations, enough nitric ox-
ide (NO) is produced to ensure a vasodilative effect and
an increase in blood flow within the tumor, promoting its
growth [11]. However, the iNOS pathway with the substrate
l-arginine—the one responsible for the cytotoxic effect—is
blocked in M2 macrophages and replaced by the synthesis
of ornithine and polyamines, which favor tumor cell pro-
liferation. Several other cytokines secreted by TAMs, such
as epidermal growth factor (EGF), TGF-p, platelet-derived
growth factor (PDGF), and basic fibroblast growth factor
(bFGF), also have pro-proliferative actions. As a matter of
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fact, the presence of TAMs within the tumor leads to faster
and increased growth of the neighboring tumor cells; in the
post-irradiation setting, the production of tumor necrosis
factor (TNF) by activated macrophages may favor the syn-
thesis of protective proteins against subsequent killing by
oxidative stress [12]. Another consequence of IR exposure
is the massive recruitment of myeloid cells to the tumor site,
which is thought to be a trigger for tumor regrowth after
local irradiation. In this scenario, the inhibition of CSF-1
receptor (CSF-1R) with PLX3397, a small molecule that
blocks its tyrosine kinase activity, may enhance the cyto-
toxic effect of concomitant IR by preventing IR-recruited
myeloid cells differentiating into protumor macrophages.
In the in vivo study by Stafford et al. [13], combined IR
and PLX3397 therapy was compared with IR alone in two
different human GBM xenograft models. Median survival
was significantly improved in mice receiving the combined
approach.

The main studies exploring radiotherapy’s effects on
macrophages are collected in Table 1.

High-dose irradiation

Several authors have shown that HDI can expand the num-
ber of M2-like TAMs in the tumor milieu. In an in vitro ex-
periment, 20 Gy irradiation of M1 Raw264.7 macrophages
led to TAM repolarization toward a M2-like profile [24].
More specifically, IR can activate NFxB p50 and determine
an increase in IL-10 levels and an inhibition of TNFa pro-
duction. A subsequent in vivo experiment from the same
group showed that HDI was able to recruit M2 macrophages
to the tumor site [24]. Tsai et al. reported how levels of M2
TAMs can raise after delivering HDI (25Gy single-frac-
tion or hypofractionated RT up to a total dose of 60 Gy) to
prostate cancer cells. The authors observed an upregulated
mRNA expression of Argl and Cox-2 in TAMs together
with a low iNOS level, favoring both angiogenesis and tu-
mor growth in a murine model [8]. Similar results in terms
of M2 macrophage proliferation and subsequent release of
proangiogenic molecules were obtained after irradiation of
oral cancer cells with a single dose of 12Gy [25].

HDI was also found to be responsible for an improve-
ment in suppressor T cell activity in pancreatic cancer cells
[26]. A decrease in production of iNOS and an increase in
levels of Argl, PD-L1 (which stimulated the T response),
and IL-10 (causing lymphocyte anergy) were observed.

Enhanced activity of M2 TAMs following IR was also
documented in a lung cancer model [14]. Notably, the ra-
diation-induced endothelial damage caused augmented pro-
duction of CCL2 in the BAL fluid, ultimately leading to M2
macrophage colonization and hyperexpression of Arg 1 and
CD206 in the weeks following irradiation.

M2 TAM polarization is therefore also favored by radi-
ation-induced tumor vascularization via the endothelial-to-
mesenchymal transition (EndMT), as shown by Choi et al.
[15]. Of note, authors suggest that HDI may elicit a stronger
immune response than LDI, due to the rate of indirect tumor
cell death resulting from vascular damage.

Overall, these results well describe how HDI polarizes
TAMs in an M2-like phenotype and promotes their recruit-
ment to the tumor site, eventually leading to induced an-
giogenesis and accelerated tumor growth.

Moderate-dose irradiation

MDI (i.e., 2Gy x 5) can enhance a proinflammatory state in
MI1 macrophages. Classic proinflammatory markers such
as human leukocyte antigen cell surface receptor (HLA-
DR) and CD86 are upregulated, while anti-inflammatory
molecules (which characterize the M2 phenotype) are hin-
dered, with a reduced mRNA expression of CD163, C-type
mannose receptor 1 (MRC1), and CD206, and decreased
IL-10 secretion.

Phagocytotic activity, typically associated with the M1-
like phenotype, is enhanced by MDI, which, on the contrary,
has no influence on the ability of cocultured macrophages
to promote cancer cell invasion and angiogenesis (typically
related to the M2-like profile) [27]. Ex vivo y-MDI of
CD11b+/Gr-1 peritoneal macrophages demonstrated aug-
mented levels of iNOS [22] and proinflammatory activity
was documented in both murine and human models af-
ter 2-4 Gy of vy-irradiation, with increased levels of TNFa,
IFNYy, IL-6, and IL-13 mRNA expression.

Different from previous experiences which documented
the activation of NFxB p65 for TAM reprogramming, Wu
et al., in their research, underlined the crucial role of the
kinase ATM in promoting the M1-like phenotype through
the regulation of IRF5 expression [19].

Of note, in vitro studies clarified that MDI is capable of
inducing an M1 phenotype in nonpolarized macrophages
and enhancing this profile in those which are already polar-
ized; on the contrary, moderate irradiation cannot reprogram
M2 TAMs.

In their study, Pinto et al. [28] set up cocultures of
unpolarized macrophages with both radiosensitive (RKO
cells) and radioresistant colon cancer cells (SW1463 cells).
In the first scenario, MDI (which consisted of a total dose
of 10Gy in five daily fractions) led to reduced mRNA ex-
pression of some proinflammatory markers (such as CCR7
and IL1p), with no changes documented for anti-inflam-
matory markers, while cancer cell invasion and migration
were promoted. Interestingly, when macrophages were co-
cultured with radioresistant cells, both proinflammatory
(CCR7, CD80) and anti-inflammatory markers (IL-10 and
CCL18) were overexpressed, with no changes in cancer
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cell migration and invasion. According to these findings,
unpolarized macrophages develop a different phenotype
based on the type of cancer cells they interact with [28].

Low-dose irradiation

Local radiotherapy influences the activity of tumor-spe-
cific T cells through several mechanisms: it determines
a higher rate of antigen release from dying tumor cells;
it stimulates antigen-presenting cell subsets; and, lastly, it
enhances T cell migration. In their experiments with hu-
man melanoma xenografts and human pancreatic cancer
specimens exposed to LDI, Klug et al. wanted to assess
whether local single irradiation of 0.5-2Gy can be used
as an adjunct strategy to improve the efficacy of multiple
immunotherapeutic approaches [23]. The authors found out
that, due to iNOS activity, the classic Th2 response was
completely (IL-4 and IL-13) or markedly (IL-5, IL-6, IL-9,
and IL-10) inhibited after tumor irradiation. Indeed, iNOS
inhibition has been shown to restore the Th2 response even
in irradiated tumors. The iNOS-expressing TAMs were re-
polarized by irradiation towards an M1-like profile, being
responsible for vascular normalization, T cell proliferation,
and an antitumor response. Therefore, the adoptive transfer
of radiation-induced iNOS-expressing macrophages may
represent a promising strategy to explore to potentiate clas-
sical immunotherapeutic approaches.

Furthermore, in specific murine models, LDI led to ac-
tivation of p38 MAPK in macrophages, with an associ-
ated transitory increase in TNF-a production [29]. After
15min from the delivery of 0.5Gy gamma radiation, the
upregulation of MKP-1 was responsible for inactivation of
p38 MAP-K with suppressed production of proinflamma-
tory TNF-a.

RT administered with concomitant agents: effects on
macrophages status

Table 2 includes a list of studies, mostly preclinical, which
explore the role of concomitant administration of RT and
immunomodulating drugs in terms of their influence on
macrophage status.

As reported by Zeng and colleagues [44], T lympho-
cytes have a key role in mediating the effects of stereo-
tactic radiotherapy (SRT) and immunotherapy, while both
macrophages and microglia are involved in a later phase.
However, it has been hypothesized that the additional ben-
efit of the combined approach relates to M1 macrophage-
mediated effects [32]. In fact, the coadministration of ra-
diotherapy and PD-1 checkpoint blockade can boost the
immune response by increasing the number of CD8+ lym-
phocytes and macrophages (namely the M1/M2 ratio).

@ Springer

The great majority of immunomodulating molecules that
have been analyzed and reported in this review act by in-
hibiting the signaling pathways involved in M2 polariza-
tion and hinder M2 macrophage-mediated radioresistance.
For example, PM37, a phosphopeptide mimetic targeting
the SH2 domain of STAT6, was shown to decrease the
expression of M2 polarization markers [38]. Pretreating
macrophages with PM37 reduced the radioresistance they
induced in inflammatory breast cancer (IBC) cells after co-
culture. In another paper by Shi et al. [34], the authors noted
that combining radiation with PI3Ka inhibitors resulted in
a synergistic activity against esophageal squamous cancer
cells and patient-derived xenografts (PDX); more specifi-
cally, this association abrogated radiation-induced survival
signals in both tumor cells and the tumor microenviron-
ment, hindering M2-like macrophage infiltration.

Discussion

The role of macrophages within the tumor milieu has gained
a lot of interest in the recent literature; these immune cells
show different phenotypic profiles according to the differ-
ently induced microenvironmental signals and cytokines
[38]. This review captured the current knowledge about
interactions between TAMs and radiation therapy.

Classically activated macrophages (M1) are mainly in-
duced by Toll-like receptor ligands and Th1 cytokines, such
as interferon IFN-y, while Th2 cytokines like IL-4 and IL-
13 can stimulate the adoption of an M2 profile (alternatively
activated macrophages).

The acronym TAM usually refers to the M2-like phe-
notype, characterized by anti-inflammatory and protumoral
activity. On the contrary, M1-like macrophages exhibit
proinflammatory, phagocytic, and antitumor functions. M2
TAMs are responsible for augmented genetic instability,
upregulated angiogenesis, and increased immunosuppres-
sive signals, which favor metastatic spread. This cell profile
is also associated with tissue remodeling and conditions
characterized by augmented fibrosis, such as pulmonary
fibrosis [4], due to the stimulated production of profibrotic
molecules including TGF-f3, IGF-1, and galectin-3.

Multiple activated transcription factors and miRNAs reg-
ulate macrophages’ expression of a specific M1 or M2
phenotype. In particular, NFkB plays a key role: its ac-
tive heterodimer NFkB (pS50-p65) favors proinflammatory
gene expression, such as TNFa, IL-6, and IL1§, while the
inactive homodimer NFxB (p50—p50) hinders the transcrip-
tion process of such genes, ultimately leading to the anti-
inflammatory profile which characterizes M2 macrophages
[34].

In the setting of the tumor microenvironment (TME),
where TAMs favor the epithelial-mesenchymal transition,
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Fig.2 Schematic representation of radiation-induced effects on macrophages. TAMs within the tumor are either present as tissue-resident
macrophages or are formed after circulating monocytes are recruited and subsequently differentiated. Soluble factors such as the chemokine
ligand 2 (CCL2, also known as monocyte chemoattractant protein 1, MCP1), complement anaphylatoxins (C3a and C5a), and colony-stimulating
factor 1 (CSF 1) are well-documented signaling molecules involved in the recruitment process. Furthermore, physical changes such as upregulation
of HIF-a subunits and damaging of the extracellular matrix leads to TAM infiltration and tumor cell proliferation. Polarization of monocytes
into mature macrophages phenotypically falls into a wide spectrum of either inflammatory or immunosuppressive behaviors, depending on the
expression of interleukins and lipopolysaccharides. IR irradiation, miRNA micro-ribonucleic acid, CCL CC chemokine ligand, CC CC chemokine
receptor, CX3CRI C-X3-C motif chemokine receptor 1, IL interleukin, 7GF transforming growth factor, /RF4 interferon regulatory factor 4,
STAT signal transducer and activator of transcription, NFkB p50/p50 nuclear factor kappa B subunit 1, miR micro-ribonucleic acid, MRCI man-
nose receptor C-type 1, ECM extracellular matrix, MMP matrix metallopeptidase, CD206 mannose receptor, CD163 cell-surface glycoprotein
receptor member of the scavenger receptor cysteine-rich family class B, Fizz/ resistin-like molecule alpha-1, Ym/ rodent-specific chitinase-like
protein 3, Argl arginase 1, VEGF vascular endothelial growth factor, TH2 type 2 helper T, DNA deoxyribonucleic acid, NF-kB nuclear factor
kappa light chain enhancer of activated B cells, CD80 ligand for the proteins CD28, CD86 cluster of differentiation 86, HLA-DR human leukocyte
antigen-DR isotype, IRF5 interferon regulatory factor 5, IFN-y interferon-gamma, VCAN versican, NOX2 nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases 2, ROS oxygen-containing reactive species, ATM ataxia telangiectasia mutated, CXCL10 C-X-C motif chemokine
ligand 10, NO nitric oxide, iNOS inducible nitric oxide synthase (Created with BioRender.com)

these immune cells are indeed related to tumoral progres-
sion [1, 45]—both locally with enhanced tumor growth
due to L-arginine depletion [46—48] and systemically by
increasing its metastatic potential. For all these reasons,
TAM accumulation correlates with an unfavorable progno-
sis in many cancer types.

TAMs exert their immunosuppressive action by inhibit-
ing T cell proliferation, thanks to the expression of specific
molecules such as PD-L1 and PD-L2, which are inhibitory
checkpoint regulators interacting with corresponding lig-
ands on T cell membranes, ultimately leading to their inac-
tivation [49, 50].

Furthermore, TAMs indirectly contribute to immunosup-
pression by producing chemoattractant molecules to recruit
cells which further hamper the immune response, such as
myeloid-derived suppressor cells (MDSCs), immature den-
dritic cells (DCs) and Tregs [51]. As M2 macrophages are
activated by IL-4 produced by CD4+ T cells, PMA/IL-4-
treated THP-1 cells are often used to generate TAMs [52,
53].

In this scenario, characterized by an intricate interaction
between the TME immune environment and cancer cells,
there is growing interest in the role of radiation.
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Radiotherapy (RT) currently represents an essential com-
ponent of the management of cancer patients, either alone
or in combination with surgery or systemic therapies. The
main goal of RT is to deliver a curative dose to the tumor
while sparing the surrounding healthy tissues and organs.

Alongside the killing effect on tumor cells, different RT
doses may induce modifications of the local microenviron-
ment that can affect tumor development. IR may enhance
macrophage infiltration to tumor sites, accelerating tumor
progression in several ways (summarized in Fig. 2,).

Wau et al. [54] demonstrated that different doses of IR can
polarize macrophages to show a proinflammatory M1-like
profile in xenograft tumor models and human rectal can-
cer specimens obtained from patients treated with neoadju-
vant chemoradiation. This effect is attributed to the IR-in-
duced activation of interferon regulatory factor 5 (IRF5): its
mRNA levels and posttranslational modifications are regu-
lated by ATM kinase, whose activation is not only decisive
in radiation-elicited macrophage polarization, but which is
also key for macrophage reprogramming after treatments
with agents like cisplatin, y-interferon, and lipopolysaccha-
ride. Furthermore, the authors demonstrated that upstream
activation of NADPH oxidase 2 (NOX2)-dependent ROS,
which is increased after IR exposure or IFN-y treatment, is
also crucial for macrophages’ acquisition of a proinflamma-
tory profile. The downregulation of this intricate pathway, at
any level, can hinder macrophage activation towards a M1
phenotype, ultimately leading to poor tumor response after
radiotherapy.

As demonstrated by Wang et al. [55], irradiation posi-
tively regulates IL-6 levels; however, depletion of this cy-
tokine was found to be associated with reduced macrophage
infiltration after radiation exposure, indicating the crucial
role of IL-6 in this process.

Immunostimulating effects of IR in the tumor milieu in-
clude enhanced natural killer (NK) cell cytotoxicity and
CDS8+ infiltration, enhanced macrophage polarization to-
wards an M1-like profile, reduced levels of Treg [56], and
inhibition of the PD-1/PDL-1 pathway [57].

Radioresistant tumors are characterized by a high level
of macrophage infiltration, which contributes to the devel-
opment of additional resistance to the cytotoxic activity
of NK cells [58] through modification of tumor cell-NK
cell interactions at specific ligand levels, namely PD-L1
and NKG2D [59]. It has been shown that NKG2D ligand
expression on macrophages is upregulated upon coculture
with NK cells [16].

Further studies will be crucial for revealing the role of
THP-1 CM in the alteration of NKG2D ligand levels (on
tumor cells) and NKG2D receptor levels (on NK cells) in
specific coculture systems including tumor cells, THP-1,
and NK cells. IL-6, which is produced by THP-1 cells,
may be key in inducing tMEK/Erk activation in radiore-

@ Springer

sistant cancer cells [60, 61]. Nevertheless, the role of other
cytokines should also be taken into consideration for induc-
ing tumor cells’ resistance to NK cell cytotoxicity (i.e., IL-
10) [62].

In a murine model of breast cancer cells, Shiao and col-
leagues reported on how polarized Th2 macrophages and
CD4+ T cells mediate tumor growth after radiation ther-
apy, in part via suppression of CD8+ T cells [63]. More
recently, Allen et al. [64] showed that macrophages can
regulate the sensitivity of inflammatory breast cancer cells
(IBCs) to radiation via increased production of IL-6, IL-8,
IL-10, and protein kinase C zeta (PRKCZ), a previously
reported modulator of radiosensitivity [65]. Irradiation pro-
moted CT26 and 4T1 cells to secrete CCL2, which has
a crucial role in recruiting TAM to the TME in a dose-
dependent manner. Cheng et al. [66] observed that combin-
ing rosiglitazone treatment with irradiation significantly re-
duces the CCL2 level and its chemotactic effect responsible
for TAM infiltration in irradiated tumors. Furthermore, the
authors have highlighted that macrophage PPARc is a cru-
cial mediator of the antitumor effect of rosiglitazone in vivo.
Deletion of macrophage PPARc in mice not only facilitates
tumor progression but also weakens the antitumor effects of
PPARCc agonists, with a concomitantly increased infiltration
of CD11b+ myeloid cells and TAMs with proinflammatory
and proangiogenic phenotypes [66].

TAMs, like other cells of the monocyte-derived DC sys-
tem, have demonstrated phagocytic activity. A review was
published recently focusing on TAMs’ phagocytic activity
to improve innate anticancer immunity and promote T cell-
mediated adaptive immune responses [67]. Interactions be-
tween tumor cells and TAMs that regulate phagocytosis
are the result of “eat me” and “don’t eat me” signals [68].
Moreover, during radiochemotherapy treatment, there is an
increased release of apoptotic tumor cells which favors ac-
tivation of the efferocytosis pathway, which promotes anti-
inflammatory function [69]. This process leads to rapid anti-
gen degradation and therefore limits the cross-presentation
capacity, ultimately promoting an immunosuppressive tu-
mor microenvironment [70]. Comprehensive knowledge of
these pathways will allow us to better identify targets, such
as anti-CD47 and efferocytosis inhibitors, to modulate TAM
phagocytic activity [67].

Macrophages can be considered rather radioresistant, as
even high single doses have no significant impact on their
viability, even though some hints toward increased DNA
damage after exposure to ionizing radiation are found. In
general, LDI seems to have a rather anti-inflammatory ef-
fect, while HDI seems to have a rather inflammatory im-
pact on macrophage functionality. Cytokine secretion on the
other hand is strongly dependent on various additional fac-
tors such as inflammatory background and radiosensitivity
of the model, as well as on the applied dose.
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Conclusion

TAMs contribute to tumor progression in several ways, from
enhanced genetic instability to induced metastasis forma-
tion and impaired protective adaptive immunity. The plas-
ticity of these cells makes them an attractive target for anti-
cancer therapies, which should have the goal of polarizing
TAMs to the proinflammatory and tumoricidal side of the
spectrum. Radiation therapy, which exerts its main antitu-
mor activity via cell killing, not only enhances TAM re-
cruitment to the tumor site, but can also interfere with their
characterization in multiple modalities according to differ-
ent doses and schedules of administration. Assessment of
the microenvironment should be included in studies com-
bining RT with systemic therapies, as an unexpected polar-
ization could be detrimental to their synergy. More research
should be conducted in the near future to explore this po-
tential therapeutic strategy.

Funding Open access funding provided by Universita degli Studi di
Firenze within the CRUI-CARE Agreement.

Conflict of interest C. Becherini, A. Lancia, B. Detti, S. Lucidi,
D. Scartoni, G. Ingrosso, M.G. Carnevale, M. Roghi, N. Bertini, C. Or-
satti, M. Mangoni, G. Francolini, S. Marani, I. Giacomelli, M. Loi,
S. Pergolizzi, E. Bonzano, C. Aristei, and L. Livi declare that they
have no competing interests.

Open Access This article is licensed under a Creative Commons At-
tribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view
a copy of this licence, visit http://creativecommons.org/licenses/by/4.
0/.

References

1. Dehne N, Mora J, Namgaladze D, Weigert A, Briine B (2017)
Cancer cell and macrophage cross-talk in the tumor microenviron-
ment. Curr Opin Pharmacol 35:12-19. https://doi.org/10.1016/j.
coph.2017.04.007

2. Ostuni R, Kratochvill F, Murray PJ, Natoli G (2015) Macrophages
and cancer: from mechanisms to therapeutic implications. Trends
Immunol 36(4):229-239. https://doi.org/10.1016/j.it.2015.02.004

3. Jeannin P, Paolini L, Adam C, Delneste Y (2018) The roles of CSFs
on the functional polarization of tumor-associated macrophages.
FEBS J 285(4):680-699. https://doi.org/10.1111/febs.14343

4. Sica A, Schioppa T, Mantovani A, Allavena P (2006) Tumour-
associated macrophages are a distinct M2 polarised population pro-
moting tumour progression: potential targets of anti-cancer therapy.
Eur J Cancer 42(6):717-727. https://doi.org/10.1016/j.ejca.2006.
01.003

5. Barker HE, Paget JT, Khan AA, Harrington KJ (2015) The tumour
microenvironment after radiotherapy: mechanisms of resistance

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

and recurrence. Nat Rev Cancer 15(7):409-425. https://doi.org/10.
1038/nrc3958 (Erratum in: Nat Rev Cancer. 2015 Aug;15(8):509)

. Moher D, Liberati A, Tetzlaff J, Altman DG, PRISMA Group

(2009) Preferred reporting items for systematic reviews and meta-
analyses: the PRISMA statement. PLoS Med 6(7):e1000097.
https://doi.org/10.1371/journal.pmed. 1000097

.Zhang QW, Liu L, Gong CY, Shi HS, Zeng YH, Wang XZ,

Zhao YW, Wei YQ (2012) Prognostic significance of tumor-associ-
ated macrophages in solid tumor: a meta-analysis of the literature.
PLoS ONE 7(12):e50946. https://doi.org/10.1371/journal.pone.
0050946

. Tsai CS, Chen FH, Wang CC, Huang HL, Jung SM, Wu CJ,

Lee CC, McBride WH, Chiang CS, Hong JH (2007) Macrophages
from irradiated tumors express higher levels of iNOS, arginase-I
and COX-2, and promote tumor growth. Int J Radiat Oncol Biol
Phys 68(2):499-507. https://doi.org/10.1016/].ijrobp.2007.01.041

. Dinapoli MR, Calderon CL, Lopez DM (1996) The altered tumori-

cidal capacity of macrophages isolated from tumor-bearing mice is
related to reduce expression of the inducible nitric oxide synthase
gene. J Exp Med 183(4):1323-1329. https://doi.org/10.1084/jem.
183.4.1323

Sinha P, Clements VK, Ostrand-Rosenberg S (2005) Reduction of
myeloid-derived suppressor cells and induction of M1 macrophages
facilitate the rejection of established metastatic disease. J Immunol
174(2):636-645. https://doi.org/10.4049/jimmunol.174.2.636
Andrade SP, Hart IR, Piper PJ (1992) Inhibitors of nitric oxide syn-
thase selectively reduce flow in tumor-associated neovasculature.
Br J Pharmacol 107(4):1092—1095. https://doi.org/10.1111/j.1476-
5381.1992.tb13412.x

Wong GH (1995) Protective roles of cytokines against radia-
tion: induction of mitochondrial MnSOD. Biochim Biophys Acta
1271(1):205-209. https://doi.org/10.1016/0925-4439(95)00029-4
Stafford JH, Hirai T, Deng L, Chernikova SB, Urata K, West BL,
Brown JM (2016) Colony stimulating factor 1 receptor inhi-
bition delays recurrence of glioblastoma after radiation by al-
tering myeloid cell recruitment and polarization. Neuro Oncol
18(6):797-806. https://doi.org/10.1093/neuonc/nov272

Park HR, Jo SK, Jung U (2019) Ionizing radiation promotes epithe-
lial-to-mesenchymal transition in lung epithelial cells by TGF-§3-
producing M2 macrophages. In Vivo 33(6):1773—-1784. https://doi.
org/10.21873/invivo.11668

Choi SH, Kim AR, Nam JK, Kim JM, Kim JY, Seo HR, Lee HJ,
Cho J, Lee YJ (2018) Tumour-vasculature development via en-
dothelial-to-mesenchymal transition after radiotherapy controls
CD44v6* cancer cell and macrophage polarization. Nat Commun
9(1):5108. https://doi.org/10.1038/s41467-018-07470-w

Shen MJ, XuLJ, Yang L, Tsai Y, Keng PC, Chen Y, Lee SO, Chen Y
(2017) Radiation alters PD-L1/NKG2D ligand levels in lung cancer
cells and leads to immune escape from NK cell cytotoxicity via
IL-6-MEK/Erk signaling pathway. Oncotarget 8(46):80506-80520.
https://doi.org/10.18632/oncotarget.19193

Genard G, Wera AC, Huart C et al (2018) Proton irradiation orches-
trates macrophage reprogramming through NFxB signaling. Cell
Death Dis. https://doi.org/10.1038/s41419-018-0757-9

Kung W-H, Lee C-L, Yang C-D, Yu C-F, Chiew M-Y, Chen F-H,
Huang H-D (2018) Integrated microRNA and mRNA expression
profile analysis of tumor-associated macrophages after exposure
to single-dose irradiation. Comput Biol Chem 74:368-378. https://
doi.org/10.1016/j.compbiolchem.2018.03.016

Wu Q, Allouch A, Paoletti A, Leteur C, Mirjolet C, Martins I,
Voisin L, Law F, Dakhli H, Mintet E, Thoreau M, Muradova Z,
Gauthier M, Caron O, Milliat F, Ojcius DM, Rosselli F, Solary E,
Modjtahedi N, Deutsch E, Perfettini JL (2017) NOX2-dependent
ATM kinase activation dictates pro-inflammatory macrophage phe-
notype and improves effectiveness to radiation therapy. Cell Death
Differ 24(9):1632-1644. https://doi.org/10.1038/cdd.2017.91

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.coph.2017.04.007
https://doi.org/10.1016/j.coph.2017.04.007
https://doi.org/10.1016/j.it.2015.02.004
https://doi.org/10.1111/febs.14343
https://doi.org/10.1016/j.ejca.2006.01.003
https://doi.org/10.1016/j.ejca.2006.01.003
https://doi.org/10.1038/nrc3958
https://doi.org/10.1038/nrc3958
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1371/journal.pone.0050946
https://doi.org/10.1371/journal.pone.0050946
https://doi.org/10.1016/j.ijrobp.2007.01.041
https://doi.org/10.1084/jem.183.4.1323
https://doi.org/10.1084/jem.183.4.1323
https://doi.org/10.4049/jimmunol.174.2.636
https://doi.org/10.1111/j.1476-5381.1992.tb13412.x
https://doi.org/10.1111/j.1476-5381.1992.tb13412.x
https://doi.org/10.1016/0925-4439(95)00029-4
https://doi.org/10.1093/neuonc/nov272
https://doi.org/10.21873/invivo.11668
https://doi.org/10.21873/invivo.11668
https://doi.org/10.1038/s41467-018-07470-w
https://doi.org/10.18632/oncotarget.19193
https://doi.org/10.1038/s41419-018-0757-9
https://doi.org/10.1016/j.compbiolchem.2018.03.016
https://doi.org/10.1016/j.compbiolchem.2018.03.016
https://doi.org/10.1038/cdd.2017.91

1188

Strahlentherapie und Onkologie (2023) 199:1173-1190

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Leblond MM, Péres EA, Helaine C et al (2017) M2 macrophages
are more resistant than M1 macrophages following radiation ther-
apy in the context of glioblastoma. Oncotarget 8(42):72597-72612.
https://doi.org/10.18632/oncotarget.19994

Teresa Pinto A, Laranjeiro Pinto M, Patricia Cardoso A et al (2016)
Ionizing radiation modulates human macrophages towards a pro-
inflammatory phenotype preserving their pro-invasive and pro-an-
giogenic capacities. Sci Rep. https://doi.org/10.1038/srep 18765
Prakash H, Klug F, Nadella V, Mazumdar V, Schmitz-Winnen-
thal H, Umansky L (2016) Low doses of gamma irradiation po-
tentially modifies immunosuppressive tumor microenvironment
by retuning tumor-associated macrophages: lesson from insuli-
noma. Carcinogenesis 37(3):301-313. https://doi.org/10.1093/
carcin/bgw007

Klug F, Prakash H, Huber PE, Seibel T, Bender N, Halama N,
Pfirschke C, Voss RH, Timke C, Umansky L, Klapproth K,
Schikel K, Garbi N, Jiager D, Weitz J, Schmitz-Winnenthal H,
Hammerling GJ, Beckhove P (2013) Low-dose irradiation pro-
grams macrophage differentiation to an iNOS*/MI1 phenotype
that orchestrates effective T cell immunotherapy. Cancer Cell
24(5):589-602. https://doi.org/10.1016/j.ccr.2013.09.014
Crittenden MR, Cottam B, Savage T, Nguyen C, Newell P,
Gough MJ (2012) Expression of NF-kB p50 in tumor stroma limits
the control of tumors by radiation therapy. PLoS One 7(6):¢39295.
https://doi.org/10.1371/journal.pone.0039295

Okubo M, Kioi M, Nakashima H, Sugiura K, Mitsudo K, Aoki I,
Taniguchi H, Tohnai I (2016) M2-polarized macrophages con-
tribute to neovasculogenesis, leading to relapse of oral cancer
following radiation. Sci Rep 6:27548. https://doi.org/10.1038/
srep27548

Balachandran VP, Beatty GL, Dougan SK (2019) Broadening the
impact of immunotherapy to pancreatic cancer: challenges and
opportunities. Gastroenterology 156(7):2056-2072. https://doi.org/
10.1053/j.gastro.2018.12.038

Teresa Pinto A, Laranjeiro Pinto M, Patricia Cardoso A, Mon-
teiro C, Teixeira Pinto M, Filipe Maia A, Castro P, Figueira R,
Monteiro A, Marques M, Mareel M, Dos Santos SG, Seruca R,
Adolfo Barbosa M, Rocha S, José Oliveira M (2016) Ionizing
radiation modulates human macrophages towards a pro-inflamma-
tory phenotype preserving their pro-invasive and pro-angiogenic
capacities. Sci Rep 6:18765. https://doi.org/10.1038/srep18765
Pinto AT, Pinto ML, Velho S, Pinto MT, Cardoso AP, Figueira R,
Monteiro A, Marques M, Seruca R, Barbosa MA, Mareel M,
Oliveira MJ, Rocha S (2016) Intricate macrophage-colorectal
cancer cell communication in response to radiation. PLoS ONE
11(8):e160891. https://doi.org/10.1371/journal.pone.0160891
Tsukimoto M, Homma T, Mutou Y, Kojima S (2009) 0.5 Gy gamma
radiation suppresses production of TNF-alpha through up-regula-
tion of MKP-1 in mouse macrophage RAW264.7 cells. Radiat Res
171(2):219-224. https://doi.org/10.1667/RR1351.1

Kim J, Jeong S, Oh S, Lee C, Kang Y, Jo W, Jeong M (2020) The
resveratrol analogue, HS-1793, enhances the effects of radiation
therapy through the induction of anti-tumor immunity in mammary
tumor growth. Int J Oncol 56:1405-1416

Wan C et al (2020) Irradiated tumor cell-derived microparticles me-
diate tumor eradication via cell killing and immune reprogramming.
Sci Adv. https://doi.org/10.1126/sciadv.aay9789

Stessin AM, Clausi MG, Zhao Z, Lin H, Hou W, Jiang Z, Duong TQ,
Tsirka SE, Ryu S (2020) Repolarized macrophages, induced by in-
termediate stereotactic dose radiotherapy and immune checkpoint
blockade, contribute to long-term survival in glioma-bearing mice.
J Neurooncol 147(3):547-555. https://doi.org/10.1007/s11060-
020-03459-y

Liu Z, Cao K, Liao Z et al (2020) Monophosphoryl lipid A al-
leviated radiation-induced testicular injury through TLR4-depen-

@ Springer

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

dent exosomes. J Cell Mol Med 24(7):3917-3930. https://doi.org/
10.1111/jemm. 14978

Shi JJ, Xing H, Wang YX, Zhang X, Zhan QM, Geng MY, Ding J,
Meng LH (2019) PI3Ka inhibitors sensitize esophageal squamous
cell carcinoma to radiation by abrogating survival signals in tu-
mor cells and tumor microenvironment. Cancer Lett 459:145-155.
https://doi.org/10.1016/j.canlet.2019.05.040

Chen X, Fu E, Lou H, Mao X, Yan B, FTong F, Sun J, Wei L
(2019) IL-6 induced M1 type macrophage polarization increases
radiosensitivity in HPV positive head and neck cancer. Cancer Lett
456:69-79. https://doi.org/10.1016/j.canlet.2019.04.032

Tabraue C, Lara PC, De Mirecki-Garrido M, De La Rosa JV, Lopez-
Blanco F, Ferndandez-Pérez L, Boscd L, Castrillo A (2019) LXR sig-
naling regulates macrophage survival and inflammation in response
to ionizing radiation. Int J Radiat Oncol Biol Phys 104(4):913-923.
https://doi.org/10.1016/].ijrobp.2019.03.028

Rafat M, Aguilera TA, Vilalta M et al (2018) Macrophages
promote circulating tumor cell-mediated local recurrence fol-
lowing radiotherapy in immunosuppressed patients. Cancer Res
78(15):4241-4252.  https://doi.org/10.1158/0008-5472.CAN-17-
3623

Rahal OM, Wolfe AR, Mandal PK, Larson R, Tin S, Jimenez C,
Zhang D, Horton J, Reuben JM, McMurray JS, Woodward WA
(2018) Blocking interleukin (IL)4- and IL13-mediated phos-
phorylation of STAT6 (Tyr641) decreases M2 polarization of
macrophages and protects against macrophage-mediated radiore-
sistance of inflammatory breast cancer. Int J Radiat Oncol Biol
Phys 100(4):1034-1043. https://doi.org/10.1016/].ijrobp.2017.11.
043

Yu X, Xu M, Li N, Li Z, Li H, Shao S, Zou K, Zou L (2017) B-el-
emene inhibits tumor-promoting effect of M2 macrophages in lung
cancer. Biochem Biophys Res Commun 490(2):514-520. https://
doi.org/10.1016/j.bbrc.2017.06.071

Seifert L, Werba G, Tiwari S et al (2016) Radiation therapy induces
macrophages to suppress T-cell responses against pancreatic tu-
mors in mice. Gastroenterology 150(7):1659-1672. https://doi.org/
10.1053/j.gastro.2016.02.070

Ashcraft KA, Boss M-K, Tovmasyan A, Choudhury KR, Fontanella
AN, Young KH, Palmer GM, Birer SR, Landon CD, Park W, Das
SK, Weitner T, Sheng H, Warner DS, Brizel DM, Spasojevic I, Ba-
tinic-Haberle I, Dewhirst MW (2015) Novel manganese-porphyrin
superoxide dismutase-mimetic widens the therapeutic margin in a
preclinical head and neck cancer model. Int J Radiat Oncol Biol
Phys 93(4):892-900. https://doi.org/10.1016/j.ijrobp.2015.07.2283
Ridnour LA, Cheng RYS, Weiss JM, Kaur S, Soto-Pantoja DR,
Basudhar D, Heinecke JL, Stewart CA, DeGraff W, Sowers AL,
Thetford A, Kesarwala AH, Roberts DD, Young HA, Mitchell JB,
Trinchieri G, Wiltrout RH, Wink DA (2015) NOS inhibition mod-
ulates immune polarization and improves radiation-induced tumor
growth delay. Cancer Res 75(14):2788-2799. https://doi.org/10.
1158/0008-5472.CAN-14-3011

Ager EI, Kozin SV, Kirkpatrick ND, Seano G, Kodack DP, Askoxy-
lakis V, Huang Y, Goel S, Snuderl M, Muzikansky A, Finkelstein
DM, Dransfield DT, Devy L, Boucher Y, Fukumura D, Jain RK
(2015) Blockade of MMP14 activity in murine breast carcinomas:
implications for macrophages, vessels, and radiotherapy. J Natl
Cancer Inst. https://doi.org/10.1093/jnci/djv017

Zeng J, See AP, Phallen J, Jackson CM, Belcaid Z, Ruzevick J,
Durham N, Meyer C, Harris TJ, Albesiano E, Pradilla G, Ford E,
Wong J, Hammers HJ, Mathios D, Tyler B, Brem H, Tran PT, Par-
doll D et al (2013) Anti-PD-1 blockade and stereotactic radiation
produce long-term survival in mice with intracranial gliomas. Int
J Radiat Oncol Biol Phys 86(2):343-349. https://doi.org/10.1016/].
ijrobp.2012.12.025


https://doi.org/10.18632/oncotarget.19994
https://doi.org/10.1038/srep18765
https://doi.org/10.1093/carcin/bgw007
https://doi.org/10.1093/carcin/bgw007
https://doi.org/10.1016/j.ccr.2013.09.014
https://doi.org/10.1371/journal.pone.0039295
https://doi.org/10.1038/srep27548
https://doi.org/10.1038/srep27548
https://doi.org/10.1053/j.gastro.2018.12.038
https://doi.org/10.1053/j.gastro.2018.12.038
https://doi.org/10.1038/srep18765
https://doi.org/10.1371/journal.pone.0160891
https://doi.org/10.1667/RR1351.1
https://doi.org/10.1126/sciadv.aay9789
https://doi.org/10.1007/s11060-020-03459-y
https://doi.org/10.1007/s11060-020-03459-y
https://doi.org/10.1111/jcmm.14978
https://doi.org/10.1111/jcmm.14978
https://doi.org/10.1016/j.canlet.2019.05.040
https://doi.org/10.1016/j.canlet.2019.04.032
https://doi.org/10.1016/j.ijrobp.2019.03.028
https://doi.org/10.1158/0008-5472.CAN-17-3623
https://doi.org/10.1158/0008-5472.CAN-17-3623
https://doi.org/10.1016/j.ijrobp.2017.11.043
https://doi.org/10.1016/j.ijrobp.2017.11.043
https://doi.org/10.1016/j.bbrc.2017.06.071
https://doi.org/10.1016/j.bbrc.2017.06.071
https://doi.org/10.1053/j.gastro.2016.02.070
https://doi.org/10.1053/j.gastro.2016.02.070
https://doi.org/10.1016/j.ijrobp.2015.07.2283
https://doi.org/10.1158/0008-5472.CAN-14-3011
https://doi.org/10.1158/0008-5472.CAN-14-3011
https://doi.org/10.1093/jnci/djv017
https://doi.org/10.1016/j.ijrobp.2012.12.025
https://doi.org/10.1016/j.ijrobp.2012.12.025

Strahlentherapie und Onkologie (2023) 199:1173-1190

1189

45.

46.

47

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Obeid E, Nanda R, Fu YX, Olopade OI (2013) The role of tumor-
associated macrophages in breast cancer progression. Int J Oncol
43(1):5-12. https://doi.org/10.3892/ij0.2013.1938

Qian BZ, Pollard JW (2010) Macrophage diversity enhances tumor
progression and metastasis. Cell 141(1):39-51. https://doi.org/10.
1016/j.cell.2010.03.014

. Mantovani A, Sica A (2010) Macrophages, innate immunity and

cancer: balance, tolerance, and diversity. Curr Opin Immunol
22(2):231-237. https://doi.org/10.1016/j.c0i.2010.01.009

Dehai C, Bo P, Qiang T, Lihua S, Fang L, Shi J, Jingyan C, Yan Y,
Guangbin W, Zhenjun Y (2014) Enhanced invasion of lung adeno-
carcinoma cells after co-culture with THP-1-derived macrophages
via the induction of EMT by IL-6. Immunol Lett 160(1):1-10.
https://doi.org/10.1016/j.imlet.2014.03.004

Condeelis J, Pollard JW (2006) Macrophages: obligate part-
ners for tumor cell migration, invasion, and metastasis. Cell
124(2):263-266. https://doi.org/10.1016/j.cell.2006.01.007

Liu CY, Xu JY, Shi XY, Huang W, Ruan TY, Xie P, Ding JL (2013)
M2-polarized tumor-associated macrophages promoted epithelial-
mesenchymal transition in pancreatic cancer cells, partially through
TLR4/IL-10 signaling pathway. Lab Invest 93(7):844-854. https://
doi.org/10.1038/labinvest.2013.69

Arango Duque G, Descoteaux A (2014) Macrophage cytokines:
involvement in immunity and infectious diseases. Front Immunol
5:491. https://doi.org/10.3389/fimmu.2014.00491

Ojalvo LS, King W, Cox D, Pollard JW (2009) High-density gene
expression analysis of tumor-associated macrophages from mouse
mammary tumors. Am J Pathol 174(3):1048-1064. https://doi.org/
10.2353/ajpath.2009.080676

Williams CB, Yeh ES, Soloff AC (2016) Tumor-associated macro-
phages: unwitting accomplices in breast cancer malignancy. NPJ
Breast Cancer 2:15025. https://doi.org/10.1038/npjbcancer.2015.25
Genin M, Clement F, Fattaccioli A, Raes M, Michiels C (2015)
M1 and M2 macrophages derived from THP-1 cells differentially
modulate the response of cancer cells to etoposide. BMC Cancer
15:577. https://doi.org/10.1186/s12885-015-1546-9

Xu H, Lai W, Zhang Y, Liu L, Luo X, Zeng Y, Wu H, Lan Q,
Chu Z (2014) Tumor-associated macrophage-derived IL-6 and
IL-8 enhance invasive activity of LoVo cells induced by PRL-3
in a KCNN4 channel-dependent manner. BMC Cancer 14:330.
https://doi.org/10.1186/1471-2407-14-330

Wu Q, Allouch A, Paoletti A, Leteur C, Mirjolet C, Martins I,
Voisin L, Law F, Dakhli H, Mintet E, Thoreau M, Muradova Z,
Gauthier M, Caron O, Milliat F, Ojcius DM, Rosselli F, Solary E,
Modjtahedi N, Deutsch E, Perfettini J-L (2017) NOX2-dependent
ATM kinase activation dictates pro-inflammatory macrophage phe-
notype and improves effectiveness to radiation therapy. Cell Death
Differ 24:1632-1644

Wang X, Yang X, Tsai Y, Yang L, Chuang KH, Keng PC, Lee SO,
Chen Y (2017) IL-6 mediates macrophage infiltration after irradia-
tion via up-regulation of CCL2/CCLS in non-small cell lung cancer.
Radiat Res 187(1):50-59. https://doi.org/10.1667/RR14503.1
Wennerberg E, Lhuillier C, Vanpouille-Box C, Pilones KA, Garcia-
Martinez E, Rudqvist NP, Formenti SC, Demaria S (2017) Barri-
ers to radiation-induced in situ tumor vaccination. Front Immunol
8:229. https://doi.org/10.3389/fimmu.2017.00229

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Arnold KM, Flynn NJ, Raben A, Romak L, Yu Y, Dicker AP, Mour-
tada F, Sims-Mourtada J (2018) The impact of radiation on the tu-
mor microenvironment: effect of dose and fractionation schedules.
Cancer Growth Metastasis 11:1179064418761639. https://doi.org/
10.1177/1179064418761639

Crane CA, Austgen K, Haberthur K, Hofmann C, Moyes KW,
Avanesyan L, Fong L, Campbell MJ, Cooper S, Oakes SA,
Parsa AT, Lanier LL (2014) Immune evasion mediated by tumor-
derived lactate dehydrogenase induction of NKG2D ligands on
myeloid cells in glioblastoma patients. Proc Natl Acad Sci U S A
111(35):12823-12828. https://doi.org/10.1073/pnas.1413933111
Zhou Z, Zhang C, Zhang J, Tian Z (2012) Macrophages help NK
cells to attack tumor cells by stimulatory NKG2D ligand but protect
themselves from NK killing by inhibitory ligand Qa-1. PLoS ONE
7(5):€36928. https://doi.org/10.1371/journal.pone.0036928

Jeong SK, Kim JS, Lee CG, Park YS, Kim SD, Yoon SO, Han DH,
Lee KY, Jeong MH, Jo WS (2017) Tumor associated macrophages
provide the survival resistance of tumor cells to hypoxic microen-
vironmental condition through IL-6 receptor-mediated signals. Im-
munobiology 222(1):55-65. https://doi.org/10.1016/j.imbio.2015.
11.010

Lee SO, Lou W, Johnson CS, Trump DL, Gao A (2004) Interleukin-6
protects LNCaP cells from apoptosis induced by androgen depriva-
tion through the Stat3 pathway. Prostate 60:178-186

Jeannin P, Duluc D, Delneste Y (2011) IL-6 and leukemia-in-
hibitory factor are involved in the generation of tumor-associated
macrophage: regulation by IFN-y. Immunotherapy 3(4):23-26.
https://doi.org/10.2217/imt.11.30

Shiao SL, Ruffell B, DeNardo DG, Faddegon BA, Park CC,
Coussens LM (2015) TH2-polarized CD4(+) T cells and macro-
phages limit efficacy of radiotherapy. Cancer Immunol Res 3(5):
518-525. https://doi.org/10.1158/2326-6066.CIR-14-0232

Allen SG, Chen YC, Madden JM, Fournier CL, Altemus MA,
Hiziroglu AB, Cheng YH, Wu ZF, Bao L, Yates JA, Yoon E, Mer-
ajver SD (2016) Macrophages enhance migration in inflammatory
breast cancer cells via rhoC GTPase signaling. Sci Rep 6:39190.
https://doi.org/10.1038/srep39190

Cataldi A, Centurione L, Di Pietro R, Rapino M, Bosco D, Gri-
fone G, Garaci F, Rana R (2003) Protein kinase C zeta nuclear
translocation mediates the occurrence of radioresistance in friend
erythroleukemia cells. J Cell Biochem 88(1):144—151. https://doi.
org/10.1002/jcb.10305

Cheng WY, Huynh H, Chen P, Pefia-Llopis S, Wan Y (2016)
Macrophage PPARY inhibits Gpr132 to mediate the anti-tumor
effects of rosiglitazone. Elife 5:¢18501. https://doi.org/10.7554/
eLife.18501

Lecoultre M, Dutoit V, Walker PR (2020) Phagocytic function
of tumor-associated macrophages as a key determinant of tumor
progression control: a review. J Immunother Cancer 8(2):e1408.
https://doi.org/10.1136/jitc-2020-001408

Feng M, Jiang W, Kim BYS, Zhang CC, Fu YX, Weissman IL
(2019) Phagocytosis checkpoints as new targets for cancer im-
munotherapy. Nat Rev Cancer 19(10):568-586. https://doi.org/10.
1038/s41568-019-0183-z

@ Springer


https://doi.org/10.3892/ijo.2013.1938
https://doi.org/10.1016/j.cell.2010.03.014
https://doi.org/10.1016/j.cell.2010.03.014
https://doi.org/10.1016/j.coi.2010.01.009
https://doi.org/10.1016/j.imlet.2014.03.004
https://doi.org/10.1016/j.cell.2006.01.007
https://doi.org/10.1038/labinvest.2013.69
https://doi.org/10.1038/labinvest.2013.69
https://doi.org/10.3389/fimmu.2014.00491
https://doi.org/10.2353/ajpath.2009.080676
https://doi.org/10.2353/ajpath.2009.080676
https://doi.org/10.1038/npjbcancer.2015.25
https://doi.org/10.1186/s12885-015-1546-9
https://doi.org/10.1186/1471-2407-14-330
https://doi.org/10.1667/RR14503.1
https://doi.org/10.3389/fimmu.2017.00229
https://doi.org/10.1177/1179064418761639
https://doi.org/10.1177/1179064418761639
https://doi.org/10.1073/pnas.1413933111
https://doi.org/10.1371/journal.pone.0036928
https://doi.org/10.1016/j.imbio.2015.11.010
https://doi.org/10.1016/j.imbio.2015.11.010
https://doi.org/10.2217/imt.11.30
https://doi.org/10.1158/2326-6066.CIR-14-0232
https://doi.org/10.1038/srep39190
https://doi.org/10.1002/jcb.10305
https://doi.org/10.1002/jcb.10305
https://doi.org/10.7554/eLife.18501
https://doi.org/10.7554/eLife.18501
https://doi.org/10.1136/jitc-2020-001408
https://doi.org/10.1038/s41568-019-0183-z
https://doi.org/10.1038/s41568-019-0183-z

1190

Strahlentherapie und Onkologie (2023) 199:1173-1190

Affiliations

Carlotta Becherini' - Andrea Lancia? - Beatrice Detti’

- Sara Lucidi® - Daniele Scartoni* - Gianluca Ingrosso? -

Maria Grazia Carnevale® - Manuele Roghi® - Niccolo Bertini® - Carolina Orsatti® - Monica Mangoni® -
Giulio Francolini’ - Simona Marani® - Irene Giacomelli* - Mauro Loi’ - Stefano Pergolizzi’ - Elisabetta Bonzano? -

Cynthia Aristei® - Lorenzo Livi'¢

Carlotta Becherini
carlotta.becherini @libero.it

Andrea Lancia
a.lancia@smatteo.pv.it

Sara Lucidi
saralucidi91927 @gmail.com

Daniele Scartoni
daniele.scartoni @apss.tn.it

Gianluca Ingrosso
ingrosso.gianluca@gmail.com

Maria Grazia Carnevale
mariagrazia.carnevale @unifi.it

Manuele Roghi
manueleroghil @gmail.com

Niccolo Bertini
niccolo.bertini @unifi.it

Carolina Orsatti
carolina.orsatti @unifi.it

Monica Mangoni
monica.mangoni @unifi.it

Giulio Francolini
francolinig @aou-careggi.toscana.it

Simona Marani
maranisimona@libero.it

Irene Giacomelli
irene.giacomelli @apss.tn.it

@ Springer

Mauro Loi
mauro.loi @unifi.it

Stefano Pergolizzi
stefano.pergolizzi @unime.it

Elisabetta Bonzano
e.bonzano @smatteo.pv.it

Cynthia Aristei
cynthia.aristei @unipg.it

Lorenzo Livi
lorenzo.livi@unifi.it

1

Radiation Oncology, Azienda Universitaria Ospedaliera Careggi,
Universita degli Studi di Firenze, Largo Brambila 1,
50134 Florence, Italy

Radiation Oncology Unit, Fondazione IRCCS Policlinico San
Matteo, Pavia, Italy

Radiation Oncology, Santa Chiara Hospital, Trento, Italy

Proton Treatment Center, Azienda Provinciale per i Servizi
Sanitari, Trento, Italy

Radiation Oncology Section, Perugia General Hospital,
06129 Perugia, Italy

Department of Experimental and Clinical Biomedical Sciences
Mario Serio, University of Florence, Florence, Italy

Radiation Oncology Unit—Department of Biomedical, Dental
Science and Morphological and Functional Images, University of
Messina, Messina, Italy


http://orcid.org/0000-0001-9603-2346

	Modulation of tumor-associated macrophage activity with radiation therapy: a systematic review
	Abstract
	Background
	Methods
	Search strategy
	Screening process

	Results
	Role of TAMs in tumor initiation and progression
	Effects of RT alone on macrophages status
	High-dose irradiation
	Moderate-dose irradiation
	Low-dose irradiation

	RT administered with concomitant agents: effects on macrophages status

	Discussion
	Conclusion
	References


