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Background: Synchrotron microbeam radiation therapy (MRT) is a new, evolving form of radiotherapy
that has potential for clinical application. Several studies have shown in preclinical models that syn-
chrotron MRT achieves equivalent tumor control to conventional radiotherapy (CRT) but with signifi-
cantly reduced normal tissue damage.
Methods: To explore differences between these two modalities, we assessed the immune cell infiltrate
into EMT6.5 mammary tumors after CRT and MRT.
Results: CRT induced marked increases in tumor-associated macrophages and neutrophils while there
were no increases in these populations following MRT. In contrast, there were higher numbers of T cells
in the MRT treated tumors. There were also increased levels of CCL2 by immunohistochemistry in tumors
subjected to CRT, but not to MRT. Conversely, we found that MRT induced higher levels of pro-
inflammatory genes in tumors than CRT.
Conclusion: Our data are the first to demonstrate substantial differences in macrophage, neutrophil and T
cell numbers in tumors following MRT versus CRT, providing support for the concept that MRT evokes a
different immunomodulatory response in tumors compared to CRT.

� 2019 Published by Elsevier B.V. Radiotherapy and Oncology 133 (2019) 93–99
Radiotherapy (RT) has both local and systemic immunomodula-
tory effects [1,2]. Within the normally immunosuppressive tumor
microenvironment, RT can either promote a more immunogenic
environment or a more immunosuppressive environment [2,3].
Several mechanisms triggered by RT have been identified [4,5],
with increasing evidence that it can enhance the efficacy of check-
point inhibitors targeting PD-1 [6]. However, little is known
regarding the impact of microbeam radiation therapy on the
tumor-immune response.

Synchrotron microbeam radiation therapy (MRT) uses
synchrotron-generated X-rays that are spatially fractionated to
produce intense, planar microbeams [7–9]. While MRT configura-
tions vary, typical ‘in-beam’ or peak doses are between 100 and
500 Gy and beams are 25–50 mm wide with 200–400 mm center-
to-center spacing. Synchrotron MRT has shown equivalent tumor
control to conventional radiotherapy (CRT) in a range of animal
models, with a major benefit of significantly reduced damage to
adjacent normal tissues compared to CRT [7,8,10–12].

The cellular mechanisms by which MRT achieves toxicity
throughout the whole tumor rather than just within the ‘in-
beam’ areas are currently unknown, however in normal zebrafish
fins, different inflammatory and immune profiles were observed
following MRT compared to broader minibeams (200–800 mm
width) [13]. We showed in normal mouse skin that leukocytic infil-
tration and inflammatory responses are lower following MRT com-
pared to CRT [12]. We and others have also identified differences in
immune-related gene expression profiles and pathways between
MRT and CRT in tumor models [9,14]. These observations raise
the intriguing possibility that MRT may provide a novel approach
for manipulating the immunomodulatory effects of radiation.

While CRT can induce anti-tumor immune responses, irradiated
tumors also recruit large numbers of myeloid cells that are capable
of contributing to tumor regrowth [2]. Increased tumor-associated
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macrophage (TAM) numbers correlate with the degree of malig-
nancy and clinical outcome in many types of solid cancers
[15,16]. TAMs are highly plastic cells that display a continuum of
phenotypes, the extremes of which are the M1-like macrophages
that exhibit a cytotoxic phenotype, and the alternatively activated
M2-like macrophages that are anti-inflammatory, angiogenic and
promote tissue remodeling [17]. The local tumor microenviron-
ment can influence macrophages to become alternatively
activated/tumor-promoting TAMs that contribute important func-
tions required for tumor growth and progression [15].

Neutrophils are another major myeloid cell type found in
tumors and associated with tumor progression [18–20]. Elevated
tumor-associated neutrophil (TAN) numbers are associated with
poor prognosis in a number of cancer types [21–23]. It is evident
now that crosstalk exists between TAMs/macrophages and TANs/
neutrophils in tumors [19,24].

Since little is known about how radiotherapy affects neutrophil
numbers and function, we decided that it would be of value to
assess MRT- and CRT-induced changes in both TAMs and TANs in
mammary tumors. Based on the expression profiling analysis com-
pleted in our earlier study [9], we hypothesized that TAM and TAN
recruitment to tumors following MRT would be different to that
seen after CRT, and that MRT would result in fewer TAMs and TANs
in the irradiated tumor. As a consequence, this would alter the
extent of infiltration of lineages of the adaptive immune system,
including T cells, given the known immunosuppressive capacity
of myeloid derived cells in a cancer setting [25]. To explore this,
we measured the extent of myeloid cell and T cell infiltration into
CRT versus MRT irradiated tumors using doses shown previously to
give equivalent tumor control [8,11]. Unlike previous reports for
CRT [26,27], MRT did not induce a myeloid cell response within
tumors. These data provide the first direct evidence that MRT has
different tumor immunomodulatory properties to CRT and opens
a new avenue for investigating the use of immunotherapy in com-
bination with microbeam radiotherapy.
Materials and methods

Cell culture

EMT6.5 mouse mammary tumor cells tagged with mCherry flu-
orescent protein (called EMT6.5 hereafter) were derived from
EMT6 [28] and were propagated in Dulbecco’s Modified Eagle Med-
ium (DMEM) containing 4.5 g/L D-glucose and 25 mM HEPES, 10%
fetal bovine serum (FBS), and 1% penicillin and streptomycin (Life
Technologies).
Tumor cell inoculation and tumor growth

Female Balb/c mice (6–8 weeks, Walter and Eliza Hall Institute,
Melbourne) were inoculated with 1 � 105 EMT6.5 cells into the leg,
and irradiated with MRT or CRT 14 days later when tumors were
approximately 10 mm in diameter. Tumors were excised at 48hr
later for analysis.
Irradiation with MRT or CRT

Tumor-bearing mice were irradiated with MRT or CRT on the
Imaging and Medical Beam Line (IMBL) at the Australian Syn-
chrotron as described previously [9]. Details are given in Supple-
mentary Data. Tumors were excised at 48hr following irradiation
and analyzed by flow cytometry, immunohistochemistry and
quantitative real-time PCR (qRT-PCR). All procedures involving
mice were conducted in accordance with the National Health and
Medical Research Council of Australia guidelines and approved
by the University of Melbourne Animal Ethics Committee (Ethics
ID: 1011910).

Flow cytometry analysis

Analysis of the myeloid composition of the EMT6.5 tumors was
completed as described previously [19] and detailed in Supple-
mentary Table 1.

Immunohistochemistry

BrdUrd (50 mg/kg) was injected i.p. into tumor-bearing mice
4 h before they were culled. The tumors were fixed overnight with
10% formalin and embedded in paraffin. Tumor sections (4–5 mm)
from mice in each treatment group were immunostained with
antibodies for BrdU (1:100), F4/80 (1:400), CD3 (1:100) or CCL2
(1:2000) using ABC or Envision kits coupled with DAB chromogen
or HRP-conjugated secondary antibody (Supplementary Table 2).
The co-staining of F4/80 and BrdU sections was achieved using
Vector Blue and DAB chromogens (Supplementary Table 2).

Measurement of CCL2 or CD3 staining area

Tumor sections (one section from each tumor) were stained
using anti-CCL2 or anti-CD3 antibody. Details are provided in Sup-
plementary Methods.

RNA isolation, cDNA synthesis and quantitative real-time PCR

Tumor RNA (7 mice/group) was extracted using Trizol (Invitro-
gen) and RNeasy mini kits (Invitrogen) as described previously [29]
and in Supplementary Methods.
Statistical analysis

A one-way ANOVA or ANOVA on ranks with Student–Newman–
Keuls’ test or Dunn’s correction was applied for multiple-group
comparisons. P values less than 0.05 were considered statistically
significant (SigmaStat 3.5) [9].

Results

MRT treated tumors contain fewer TAMs and TANs than CRT
treated tumors at 48 h after irradiation. Using the tumor treatment
and flow cytometry protocols outlined previously [9] (Fig. 1A), we
measured the numbers of the different subpopulations of myeloid
cells in the tumors following MRT or CRT given at doses shown to
be equivalent using cell based assays [11]. MRT did not increase
TAM or TAN numbers in tumors, in contrast to CRT that caused sig-
nificant increases in total TAMs (F4/80+), Ly6Chi and Ly6Clo TAMs
and TANs (Fig. 1B–E).

The increased number of TAMs seen after CRT is not due to
increased local proliferation of these myeloid lineages. Since TAMs
have been implicated in reducing the efficacy of radiotherapy and
in promoting tumor recurrence [30], we asked if their increase fol-
lowing CRT was a result of local proliferation or increased recruit-
ment. Tumor sections were double-stained with antibodies against
F4/80+ and BrdU to find evidence of in situ proliferation after RT.
However, there were no BrdU-positive F4/80+ TAMs (Fig. 2A–E),
indicating that neither CRT nor MRT induces proliferation of TAMs
within these tumors.

CD3 positive T cells are increased after MRT. Since TAMs and
TANs suppress T cell responses [31], we measured the number of
CD3 positive T cells present in the irradiated tumors. Scored both
by number and area of positivity, T cells were increased in MRT



Fig. 1. TAM and TAN numbers are increased only after CRT. (A) Flow cytometry gating strategy. Representative gating strategy for flow cytometric analysis of myeloid sub-
populations in blood. The same gating strategy was used for analysis of tumors. (B–E) EMT6.5 tumor-bearing mice (n = 7 mice/group) were irradiated with MRT or CRT and
tumors were excised at 48hr following irradiation and analyzed for myeloid cell content. Numbers of (B) Total TAMs, (C) Ly6Chi TAMs, (D) Ly6Clo TAMs and (E) TANs were
measured by flow cytometry. A one way analysis of variance on ranks was applied for multiple-group comparison. Data are expressed as cells/gram of tumor tissue
(Mean ± SEM). CRT and MRT compared to the control group: *p < 0.05. CRT compared to MRT groups: ^p < 0.05.
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treated tumors, despite no change in the number of myeloid cells
(Fig. 2F–L). The numbers of CD3+ cells within the tumor is low,
but consistent with a previous report of the EMT6 tumor showing
an ‘‘immune-excluded” phenotype [32].

The increase in TAMs after CRT may be due to increased CCL2-
mediated recruitment. The chemokine CCL2 has an established role
in the recruitment of macrophages to tumors and is known to be
induced by CRT [33]. High CCL2 correlates with increased TAMs
and poor outcome in breast cancer patients [34]. We therefore
undertook an immunohistochemical analysis of CCL2 and its local-
ization with respect to TAMs in EMT6.5 tumors following RT. CCL2
increased in CRT-treated tumors compared to either MRT-treated
or non-irradiated tumors (Fig. 3A–F). This was consistent with
the pattern of TAM localization in the tumors (Fig. 3G–K) with
higher numbers of TAMs within CRT-treated tumors (Fig. 3H,I),
compared to non-irradiated tumors, where TAMs accumulated
along the tumor periphery (Fig. 3G). MRT also resulted in some
infiltration of TAMs toward the tumor center (Fig. 3J,K), but this
was markedly less than after CRT (Fig. 3H,I). When analyzed on
an individual tumor basis, the extent of the positive area of CCL2
staining correlated with the extent of infiltration of the different
myeloid populations into the tumor, most evident for TAMs and
TANs, (Supp. Fig. 1). These data are consistent with the hypothesis
that CRT may increase CCL2 mediated recruitment of TAMs, while
MRT does not. However, CCL2 is not the only monocyte/-
macrophage chemoattractant, and other factors, such as CSF-1
and CCL5, may also be involved in the increased TAM numbers
seen after CRT.

MRT induces a higher level of pro-inflammatory genes than
CRT. The induction of a trophic and immunosuppressive environ-
ment is a major cause of tumor recurrence after conventional
radiotherapy and either stimulating a cytotoxic/anti-tumor
response or inhibiting immunosuppressive factors can improve
the efficacy of this treatment [27]. We therefore measured the
expression of genes associated with trophic/immunosuppressive
and cytotoxic functions in tumors [17] (Fig. 4). CD11c and Tnfa
are associated with cytotoxicity and anti-tumor functions [35],
and their expression was higher after MRT compared to CRT
(Fig. 4A,C). There was a trend for elevated levels of Ifnc after MRT
as well (Fig. 4B). In contrast, there was little difference in genes
associated with immunosuppressive and trophic functions apart
from an increase in Arg1 expression after MRT (Fig. 4F). Arg1 is typ-
ically associated with pro-tumor functions [36]. Overall these data
support the concept that MRT induces a more cytotoxic, anti-
tumor microenvironment, which may explain the equivalent
tumor control when compared to CRT, despite the fact that the
majority of the tumor receives only valley dose radiation that is
comparable to the levels given during CRT. Our demonstration of
elevated numbers of intra-tumoral T cells after MRT (Fig. 2) further
support this hypothesis. Further investigation of gene expression
and protein levels in peak and valley microenvironments of MRT-
treated tumors is required to better understand the mechanisms
behind these observations.
Discussion

The results from this study confirm our hypothesis that the
immunomodulatory effects of MRT are different to those following
CRT. The major finding is the marked decrease in TAMs and TANs
that infiltrate the tumor after MRT compared to CRT at doses that
we have shown previously to be equivalent [8,11]. Consistent with
the well-known immunosuppressive properties of these myeloid
cells [31], we find enhancement of T cell infiltration following
MRT, where TAM and TAN numbers are low. The intra-tumoral
cytokine profile is also substantially different between MRT and
CRT, although further research is required for a fuller understand-
ing of the pathways involved in regulating TAM and TAN recruit-
ment to the irradiated tumor. The elevation of CCL2 in the CRT



Fig. 2. Immunohistochemical analysis of TAMs and T cells in irradiated tumors. Mice bearing EMT6.5 tumors were injected ip with BrdUrd (50 mg/kg) (n = 7 mice/group) 4 h
before they were culled at 48 h following irradiation. Paraffin-embedded tumor sections from control and radiation groups were co-stained for BrdU (brown) and F4/80
(blue). Other sections were immunostained with anti-CD3 to indicate T cell infiltration. (A,F) Control, (B,G) CRT (5 Gy), (C,H) CRT (9 Gy), (D,I) MRT (112 Gy) and (E,J) MRT
(560 Gy). Black arrowheads point to CCL2 positive cells. Scale bar, 50 lm for BrdU and F4/80 staining and 100 lm for CD3. Quantitation of the CD3 staining by cell number (K)
and area of staining (L).

Fig. 3. Levels of CCL2 and localization of TAMs in irradiated tumors. Paraffin-embedded tumor sections from control and irradiated EMT6.5 tumors (n = 7 mice/group) were
co-stained for CCL2 in (A) control, (B) CRT 5 Gy, (C) CRT 9 Gy, (D) MRT 112 Gy, or (E) MRT 560 Gy irradiated tumors. Scale bar, 10 lm. (F) Quantitation of CCL2 staining area in
tumor sections. (G-K) Immunostaining for F4/80 positive TAMs in (G) control, (H) CRT 5 Gy, (I) CRT 9 Gy, (J) MRT 112 Gy, or (K) MRT 560 Gy irradiated tumors. Scale bar,
50 lm.
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Fig. 4. Levels of pro-inflammatory and trophic genes after CRT and MRT. RNA was recovered from EMT6.5 tumors removed from mice 48hr after irradiation. Transcript levels
of pro-inflammatory and trophic genes were measured by qRT-PCR in control, MRT and CRT irradiated tumors (n = 7 mice/group). A one-way ANOVA was applied for
multiple-group comparison. Data are expressed as Mean ± SEM. CRT and MRT compared to the control group: *p < 0.05, **p < 0.01, ***p < 0.001. CRT compared to MRT groups:
^p < 0.05, ^^p < 0.01, ^^^p < 0.001.

Y. Yang et al. / Radiotherapy and Oncology 133 (2019) 93–99 97
treated tumors is consistent with its known ability to attract mye-
loid cells [34], but other chemoattractants such as CSF-1, G-CSF
and CCL5 should also be assessed. Identifying these pathways
and factors may reveal new ways of increasing the anti-tumor
effects of radiation treatment, or minimizing recurrence post-
radiation, for both CRT and MRT.

It is increasingly apparent that immune responses can affect the
success of cytotoxic therapies [3]. TAMs are known to be important
regulators of tumor growth and metastasis [15] and inhibition of
macrophages/TAMs improves the effectiveness of radiotherapy
[30]. Thus, our finding that MRT given at doses that can control
tumor growth without recruiting TAMs/TANs is important. In con-
trast to our findings, Bouchet et al. reported that MRT irradiation of
rats with glioma, while confirming an improved tumor response
compared to CRT, resulted in an increase in macrophage infiltra-
tion into the tumor, as measured by transcript levels of the macro-
phage marker, CD68 [37]. However, total leukocyte infiltration as
measured by nuclear morphology in H&E stained sections, was
not altered. The reasons for the difference in macrophage levels
after MRT between our study and that of Bouchet et al. may relate
to the different tumor type under analysis or, probably more likely,
to the method of scoring macrophages. Bouchet et al measured
CD68 transcript levels in their tumors whereas we counted macro-
phage numbers by flow cytometry using the more lineage specific
F4/80 protein marker.

The increase in TAMs following conventional radiotherapy is in
line with previous studies [2]. M1 macrophages are regulated by
IFNc and bacterial products to induce the expression of proinflam-
matory genes including IL1b, TNFa, iNOS and IL-6. In contrast, M2
macrophages are generated in response to IL4 or IL13, stimulating
the expression of anti-inflammatory and pro-tumorigenic genes
such as IL10 and TGFb [17].

Macrophage phenotype can vary with the dose of conventional
radiation. Klug et al reported that low-dose radiation induced an
M1-like, pro-inflammatory/cytotoxic phenotype in TAMs. These
macrophages secreted iNOS and were essential for activating
anti-tumor T cells [38]. Thus it appears that higher doses of radio-
therapy may increase M2-like TAM numbers, while low-dose
radiotherapy induces anti-tumor M1-like macrophages. Further
evidence comes from a study showing that radiation doses
(>12 Gy) sufficient to induce the endonuclease Trex1 can prevent
activation of the immune system by degradation of cytosolic
DNA fragments that otherwise stimulate interferon-b and activa-
tion of CD8 T cells and an anti-tumor response [39]. It is therefore
not surprising that due to the wide range of doses in an MRT field,
there will be a fundamentally different immune response in tumor
tissue. In the highly heterogeneous MRT dose distribution, it is pos-
sible that some parts of the tumor may receive a more optimal
immunogenic dose than others, and that this sub-population of
irradiated cells could be sufficient to ‘prime’ the host to target
the remaining tumor cells. If this ‘MRT-optimised host immune
response to the tumor’ hypothesis is correct, it might explain
why tumor cells that receive minimal or ‘valley dose’ radiation
are still eliminated following MRT [8]. Hence, understanding the
different immunomodulatory responses at a cellular level within
the tumor following MRT will take substantial effort. Suffice to
say, the integrated ‘whole-of-tumor’ response is very different fol-
lowing MRT compared to that seen following CRT.



98 Microbeam radiation alters the immunomodulatory response
There is growing awareness of the critical role of neutrophils in
cancer progression [23,40] and recent studies have highlighted
their importance in radiotherapy, suggesting that specific targeting
of neutrophils may improve radiation response in patients [41].
We have shown previously that CRT recruits more neutrophils into
the skin than MRT [12]. However, to our knowledge, this is the first
publication showing that MRT does not recruit TANs into mam-
mary tumors as seen for CRT. Given that we and others have shown
that neutrophils can promote metastasis in preclinical models
[18,19], it will be important to further investigate radiation-
induced changes in TAN numbers and phenotype. It appears possi-
ble that the ‘neutrophil-low’ response after MRT may be an advan-
tage in the treatment of cancer.

The toxic side effects of RT can greatly limit the dose given to
patients [42] and insufficient dosing can lead to tumor recurrence.
In preclinical studies, MRT has been shown to control tumors as
effectively as CRT, while showing far less normal tissue toxicity
[8,12]. On the one hand, it is possible that the different immune
response following MRT contributes to reduced normal tissue tox-
icity. On the other hand, this different response may also limit the
anti-tumor response following MRT. However, our data indicate
that MRT may induce a more cytotoxic/anti-tumor microenviron-
ment than CRT by reducing the number of TAMs/TANs and increas-
ing the number of CD3+ T cells in the tumor. After MRT, there is an
increase in the CD11c marker, which is expressed on many
immune cell lineages, including myeloid cells, but is often used
as an indicator of dendritic cells. Since there are fewer TAMs/TANs
in the tumor, the increased expression of CD11c could be attribu-
ted to more dendritic cells.

In this study, TAMs and TANs were monitored 48hr after radia-
tion. An analysis of TAM and TAN numbers over an extended time
course following radiation will provide further information on the
long-term, persistent effects of MRT and CRT on immune cell
recruitment. In addition, analysis of trophic/pro-tumor versus
cytotoxic/anti-tumor factors in TAMs and TANs isolated from
MRT or CRT treated tumors will shed light on how radiotherapy
alters their phenotype and how, or if they are involved in tumor
recurrence and progression after radiation. Since TAM sub-
populations appear to have different phenotypes and functions
[43,44], it will also be worthwhile assessing changes in the Ly6Chi

and Ly6Clo TAMs with time after radiation since they may be differ-
entially affected by CRT and MRT.

In conclusion, we have shown that the immunomodulatory
responses to MRT within the tumor are different to those of CRT,
and that MRT results in significantly lower intratumoral TAMs
and TANs and a higher infiltration of T cells at doses that have been
shown previously to be equivalent. The intratumoral pro-
inflammatory profile is also substantially different following MRT
compared to CRT. These data support our hypothesis that MRT elic-
its different immunomodulatory pathways to CRT, and that it may
be possible to develop MRT radiotherapy protocols that exploit this
modified anti-tumor immune response.
Acknowledgements

This research was undertaken on the Imaging and Medical
Beam Line (IMBL) at the Australian Synchrotron, Victoria, Australia.
The authors wish to acknowledge the following funding: JCC and
PP (NH&MRC Early Career Research Fellowships), RLA (National
Breast Cancer Foundation of Australia) and MI support from The
Malaysian Government. We acknowledge grant funding from Can-
cer Council Victoria. The Olivia Newton-John Cancer Research
Institute acknowledges the support of the Victorian Government
Operational Infrastructure Support Program.
Conflict of interest

The authors claim no conflict of interest.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.radonc.2019.01.006.

References

[1] Formenti SC, Demaria S. Systemic effects of local radiotherapy. Lancet Oncol
2009;10:718–26.

[2] Kozin SV et al. Recruitment of myeloid but not endothelial precursor cells
facilitates tumor regrowth after local irradiation. Cancer Res
2010;70:5679–85.

[3] Golden EB et al. Radiation fosters dose-dependent and chemotherapy-induced
immunogenic cell death. Oncoimmunology 2014;3:e28518.

[4] Kershaw MH et al. Enhancing immunotherapy using chemotherapy and
radiation to modify the tumor microenvironment. Oncoimmunology 2013;2
(9):e25962.

[5] Formenti SC, Demaria S. Combining radiotherapy and cancer immunotherapy:
a paradigm shift. J Natl Cancer Inst 2013;105:256–65.

[6] Verbrugge I et al. Radiotherapy increases the permissiveness of established
mammary tumors to rejection by immunomodulatory antibodies. Cancer Res
2012;72(13):3163–74.

[7] Laissue JA et al. Neuropathology of ablation of rat gliosarcomas and contiguous
brain tissues using a microplanar beam of synchrotron-wiggler-generated X
rays. Int J Cancer 1998;78:654–60.

[8] Crosbie JC et al. Tumor cell response to synchrotron microbeam radiation
therapy differs markedly from cells in normal tissues. Int J Radiat Oncol Biol
Phys 2010;77:886–94.

[9] Sprung CN et al. Genome-wide transcription responses to synchrotron
microbeam radiotherapy. Radiat Res 2012;178:249–59.

[10] Dilmanian FA et al. Murine EMT-6 carcinoma: high therapeutic efficacy of
microbeam radiation therapy. Radiat Res 2003;159:632–41.

[11] Ibahim MJ et al. An evaluation of dose equivalence between synchrotron
microbeam radiation therapy and conventional broadbeam radiation using
clonogenic and cell impedance assays. PLoS One 2014;9:e100547.

[12] Priyadarshika RC et al. Biodosimetric quantification of short-term synchrotron
microbeam versus broad-beam radiation damage to mouse skin using a
dermatopathological scoring system. Br J Radiol 2011;84:833–42.

[13] Bronnimann D et al. Synchrotron microbeam irradiation induces neutrophil
infiltration, thrombocyte attachment and selective vascular damage in vivo.
Sci Rep 2016;6:33601.

[14] Bouchet A et al. Early gene expression analysis in 9L orthotopic tumor-bearing
rats identifies immune modulation in molecular response to synchrotron
microbeam radiation therapy. PLoS One 2013;8:e81874.

[15] Pollard JW. Tumour-educated macrophages promote tumour progression and
metastasis. Nat Rev Cancer 2004;4:71–8.

[16] DeNardo DG et al. Leukocyte complexity predicts breast cancer survival and
functionally regulates response to chemotherapy. CancerDiscov
2011;1:54–67.

[17] Mantovani A, Sica A, Locati M. New vistas on macrophage differentiation and
activation. Eur J Immunol 2007;37:14–6.

[18] Kowanetz M et al. Granulocyte-colony stimulating factor promotes lung
metastasis through mobilization of Ly6G+Ly6C+ granulocytes. Proc Natl Acad
Sci USA 2010;107:21248–55.

[19] Swierczak A et al. The promotion of breast cancer metastasis caused by
inhibition of CSF-1R/CSF-1 signaling is blocked by targeting the G-CSF
receptor. CancerImmunol Res 2014;2:765–76.

[20] Kumar V et al. Cancer-associated fibroblasts neutralize the anti-tumor effect of
CSF1 receptor blockade by inducing PMN-MDSC infiltration of tumors. Cancer
Cell 2017;32:654–68. e5.

[21] Bellocq A et al. Neutrophil alveolitis in bronchioloalveolar carcinoma:
induction by tumor-derived interleukin-8 and relation to clinical outcome.
Am J Pathol 1998;152:83–92.

[22] Zhao JJ et al. The prognostic value of tumor-infiltrating neutrophils in gastric
adenocarcinoma after resection. PLoS ONE 2012;7:e33655.

[23] Swierczak A et al. Neutrophils: important contributors to tumor progression
and metastasis. Cancer Metastasis Rev 2015;34:735–51.

[24] Pahler JC et al. Plasticity in tumor-promoting inflammation: impairment of
macrophage recruitment evokes a compensatory neutrophil response.
Neoplasia 2008;10:329–40.

[25] Almand B et al. Increased production of immature myeloid cells in cancer
patients: a mechanism of immunosuppression in cancer. J Immunol
2001;166:678–89.

[26] Ahn GO et al. Inhibition of Mac-1 (CD11b/CD18) enhances tumor response to
radiation by reducing myeloid cell recruitment. Proc Natl Acad Sci USA
2010;107:8363–8.

[27] Chiang CS et al. Irradiation promotes an m2 macrophage phenotype in tumor
hypoxia. Front Oncol 2012;2:89.

https://doi.org/10.1016/j.radonc.2019.01.006
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0005
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0005
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0010
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0010
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0010
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0015
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0015
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0020
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0020
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0020
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0025
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0025
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0030
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0030
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0030
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0035
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0035
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0035
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0040
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0040
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0040
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0045
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0045
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0050
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0050
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0055
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0055
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0055
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0060
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0060
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0060
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0065
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0065
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0065
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0070
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0070
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0070
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0075
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0075
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0080
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0080
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0080
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0085
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0085
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0090
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0090
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0090
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0095
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0095
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0095
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0100
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0100
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0100
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0105
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0105
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0105
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0110
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0110
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0115
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0115
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0120
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0120
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0120
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0125
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0125
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0125
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0130
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0130
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0130
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0135
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0135


Y. Yang et al. / Radiotherapy and Oncology 133 (2019) 93–99 99
[28] Rockwell S. Effect of host age on the transplantation, growth, and radiation
response of EMT6 tumors. Cancer Res 1981;41:527–31.

[29] Yang Y et al. In vitro study of genes and molecular pathways differentially
regulated by synchrotron microbeam radiotherapy. Radiat Res
2014;182:626–39.

[30] Xu J et al. CSF1R signaling blockade stanches tumor-infiltrating myeloid cells
and improves the efficacy of radiotherapy in prostate cancer. Cancer Res
2013;73:2782–94.

[31] Hamilton MJ et al. Macrophages are more potent immune suppressors ex vivo
than immature myeloid-derived suppressor cells induced by metastatic
murine mammary carcinomas. J Immunol 2014;192:512–22.

[32] Mariathasan S et al. TGFbeta attenuates tumour response to PD-L1 blockade by
contributing to exclusion of T cells. Nature 2018;554:544–8.

[33] Kalbasi A et al. Tumor-derived CCL2 mediates resistance to radiotherapy in
pancreatic ductal adenocarcinoma. Clin Cancer Res 2017;23:137–48.

[34] Soria G, Ben-Baruch A. The inflammatory chemokines CCL2 and CCL5 in breast
cancer. Cancer Lett 2008;267:271–85.

[35] Mosser DM. The many faces of macrophage activation. J Leukoc Biol
2003;73:209–12.

[36] Bronte V, Zanovello P. Regulation of immune responses by L-arginine
metabolism. Nat Rev Immunol 2005;5:641–54.
[37] Bouchet A et al. Better efficacy of synchrotron spatially microfractionated
radiation therapy than uniform radiation therapy on glioma. Int J Radiat Oncol
Biol Phys 2016;95:1485–94.

[38] Klug F et al. Low-dose irradiation programs macrophage differentiation to an
iNOS(+)/M1 phenotype that orchestrates effective T cell immunotherapy.
Cancer Cell 2013;24:589–602.

[39] Vanpouille-Box C et al. DNA exonuclease Trex1 regulates radiotherapy-
induced tumour immunogenicity. Nat Commun 2017;8:15618.

[40] Shaul ME, Fridlender ZG. Neutrophils as active regulators of the immune
system in the tumor microenvironment. J Leukoc Biol 2017;102:343–9.

[41] Schernberg A et al. Neutrophils, a candidate biomarker and target for radiation
therapy? Acta Oncol 2017:1–9.

[42] Barnett GC et al. Normal tissue reactions to radiotherapy: towards tailoring
treatment dose by genotype. Nat Rev Cancer 2009;9:134–42.

[43] Movahedi K et al. Different tumor microenvironments contain functionally
distinct subsets of macrophages derived from Ly6C(high) monocytes. Cancer
Res 2010;70:5728–39.

[44] Ojalvo LS et al. High-density gene expression analysis of tumor-associated
macrophages from mouse mammary tumors. Am J Pathol 2009;174:1048–64.

http://refhub.elsevier.com/S0167-8140(19)30010-6/h0140
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0140
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0145
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0145
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0145
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0150
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0150
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0150
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0155
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0155
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0155
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0160
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0160
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0165
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0165
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0170
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0170
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0175
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0175
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0180
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0180
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0180
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0180
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0185
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0185
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0185
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0190
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0190
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0190
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0195
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0195
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0200
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0200
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0205
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0205
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0210
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0210
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0215
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0215
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0215
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0220
http://refhub.elsevier.com/S0167-8140(19)30010-6/h0220

	Synchrotron microbeam radiotherapy evokes a different early tumor immunomodulatory response to conventional radiotherapy in EMT6.5 mammary tumors
	Materials and methods
	Cell culture

	Tumor cell inoculation and tumor growth
	Irradiation with MRT or CRT
	Flow cytometry analysis
	Immunohistochemistry
	Measurement of CCL2 or CD3 staining area
	RNA isolation, cDNA synthesis and quantitative real-time PCR
	Statistical analysis

	Results
	Discussion
	ack13
	Acknowledgements
	Conflict of interest
	Appendix A Supplementary data
	References


