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Radiotherapy programs neutrophils to an antitumor phenotype by
inducing mesenchymal-epithelial transition
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Background: Neutrophils can play a pro-tumor or anti-tumor role depending on the tumor
microenvironment. The effects of concurrent treatment with granulocyte colony-stimulating factor (G-CSF)
and radiotherapy (RT) on neutrophils have not yet to be described.

Methods: Hypofractionated radiation of 8 Gy x3 fractions was administered with or without recombinant
G-CSF to Lewis lung carcinoma tumor-bearing C57BL/6 model mice. The activation status of cytotoxic
T cells in the mice was measured, along with the levels of tumor-associated neutrophils, cytotoxic T cells,
and Treg cells. Tumor growth, survival, cytokine expression, and signaling pathways underlying anti-
tumor effects of tumor-associated neutrophils after treatment were also studied. To ascertain the effects of
concurrent RT and G-CSF on tumor-associated neutrophils, neutrophil depletion was performed.

Results: RT affected early neutrophil infiltration, which is the first-line immune response. Subsequently,
enhanced accumulation of lymphocytes, particularly CD8 cytotoxic T cells, was observed. Notably,
lymphocytic infiltration was inhibited by neutrophil depletion but enhanced by G-CSF treatment. RT
generated persistent DNA damage, as evidenced by an accumulation of phosphorylation of histone H2AX
(YH2AX), and subsequently triggered inflammatory chemokine secretion. The chemokines CXCL1, CXCL2,
and CCLS5 were upregulated in both radiation-treated cells and the corresponding supernatants. Neutrophils
that were newly recruited after RT improved radiosensitivity by inhibiting epithelial-mesenchymal transition
via the reactive oxygen species-mediated PI3K/Akt/Snail signaling pathway, and G-CSF treatment enhanced
this effect.

Conclusions: The results of this study suggest that RT activates neutrophil recruitment and polarizes
newly recruited neutrophils toward an antitumor phenotype, which is enhanced by the concurrent
administration of G-CSF. Mesenchymal-epithelial transition induced by reactive oxygen species
accumulation plays a major role in this process. Thus, the polarization of tumor-associated neutrophils might
play a role in future cancer immunotherapies.
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Introduction

External radiotherapy (RT) has been a main modality of
definitive treatment for locally advanced lung cancers.
The indications for early lung cancer are also increasing
using the latest treatment techniques such as stereotactic
radiotherapy (1). However, in the case of locally advanced
lung cancer (unresectable stage III), the 3-year survival
rate is less than a quarter in those receiving RT and
chemotherapy as initial treatment (2). Therefore, there is
an urgent need for a complementing agent to increase the
efficiency of radiotherapy.

The effect of radiation as an anticancer treatment relies
mainly on the direct DNA damage resulting in DNA
double-strand breaks (DSBs) which activate different
cellular DNA damage responses (DDRs) such as DNA
damage sensing, cell cycle arrest, DNA repair and activation
of cellular death pathways (3). On the other hand, ionizing
radiation causes direct cytotoxic effects such as tumor cell
necrosis which releases tumor-specific antigens, including
adenosine triphosphate, heat shock proteins and high
mobility group box 1 protein, eliciting an antitumor
immune response (4). Increasing evidence suggests that RT
affects the tumor microenvironment (TME) by stimulating
many tumor-promoting factors, and plays a key role in
immune escape, angiogenesis, and tumor promotion in
several cancers, including lung cancer (5,6).

The TME is complex and continuously evolving, which
is crucial for tumor development and progression. The
TME comprises tumor cells, stromal cells, and immune
cells that secrete a wide variety of cytokines, chemokines,
and growth factors, which act as a paracrine fashion to
affect the nearby tumor cells. Some of these paracrine
signals induce an epithelial-mesenchymal transition
(EMT), characterized by the morphological changes of the
cells lose their epithelial appearance and acquire markers
of mesenchymal cells. This process is reversible, and
mesenchymal cells revert into epithelial cells during the
process of mesenchymal-epithelial transition (MET) (7).
The crosstalk between tumor and immune cells is required
for tumor progression and metastasis (8). In cancer,
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neutrophils have emerged as an important component
of the TME. Recently, the role of tumor-associated
neutrophils (TANs) in the development of cancer has
received considerable attention. Similar to macrophages,
TANs display an N1 phenotype with anti-tumor effects
and an N2 phenotype with pro-tumor effects while the
phenotype transition depends on the TME (9). TANs can
be a component of tumor-promoting inflammation by
promoting angiogenesis, immunosuppression, remodeling
of the extracellular matrix, and metastasis. On the other
hand, TANs exhibit antitumor effects by direct killing of
tumor cells, and interacting with other components of the
immune system (10). Transforming growth factor (TGF)-p1
promotes the polarization of TANs to the N2 phenotype,
whereas blocking TGF-B1 results in a shift toward the
N1 phenotype (9). A low expression of interferon (IFN)-f
causes pro-tumor N2 neutrophils to accumulate in tumors,
which has a tumor-promoting effect (11). However,
subsets of neutrophils are defined by morphology, and the
conversion programmed by the TME cannot be detected
due to a lack of specific markers. Garg et a/. discovered
that RT recruited neutrophils to tumor sites (12); however,
the potential effects and underlying mechanisms of RT-
recruited neutrophils have not yet been characterized.

G-CSF is indispensable to progenitor differentiation
and the transformation of granulocytic lineages, including
neutrophils, eosinophils, and basophils. In addition to
its hematopoietic properties, G-CSF also mobilizes
progenitors, hematopoietic stem cells, and mature cells,
especially neutrophils, into the blood circulation (13). Thus,
the effects of RT-recruited neutrophils on tumors can be
enhanced by concurrent G-CSF treatment.

We hypothesized that neutrophils may play a pivotal
role in the TME after concurrent treatment with G-CSF
and RT. Herein, we established a mouse model to elucidate
the potential effects of neutrophils recruited to tumors
by RT and G-CSEF, with the aim of identifying a potential
immunotherapeutic target for the treatment of cancer.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
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Methods
Animals

Female C57BL/6 mice (Beijing Vital River Laboratory
Animal Technology; Beijing, China), aged 6-8 weeks
(18-22 g), were housed individually under specific
pathogen-free conditions with adequate food and water
and kept under a 12-hour light-dark cycle at 22-25 °C. All
animal experiments conducted were reviewed and approved
by the Institutional Animal Care and Use Committee of
Shandong Provincial Qianfoshan Hospital (no. 2016-S017).
Experiments were conducted in accordance with the Guide
for Care and Use of Laboratory Animals (NIH publication
no. 85-23, revised 1996). After a 1-week acclimation
period, the mice were given a subcutaneous injection of
1x10° C57BL/6-derived Lewis lung carcinoma (LLC) cells
into the right flank. When the tumors reached 6-8 mm
in diameter, the animals were subjected to focal radiation
and other treatments. All mice were euthanized by cervical
dislocation, and their tumors, spleens and lymph nodes
were harvested for subsequent experiments. The antitumor
effects of RT and G-CSF were determined by assessing the
tumor volume, which was calculated twice a week using the
following formula: tumor volume =0.5 x length x width’.
The tumor weights were also measured after dissection. The
mice included in the survival analysis study were allowed to
die naturally. Survival data were collected as the percentages
of surviving mice each day after LLC inoculation. However,
if weight loss exceeded 20% or a mouse became immobile
and unable to intake food, euthanasia was performed. Non-
tumor-related deaths were also excluded from the death
records in the present analysis.

Mouse treatment

C57BL/6 mice were anesthetized with 300 mg/kg 10%
chloral hydrate (Qilu Pharmaceutical; Jinan, Shandong,
China) and placed on a tray with the cancer lesions positioned
in the field of radiation. On days 1, 3, and 5, a dose of
8 Gy was administered at 6 Gy/min with 6-MV high-energy
photon rays (Varian TrueBeam Linacs, Varian Medical
Systems Inc., Palo Alto, CA, USA). To minimize whole-body
exposure, the radiation field focused on the tumors was set as
10x10 mm’. Recombinant mouse G-CSF (150 pg/kg, Novus,
Novus Biological, Littleton, CO, USA) was subcutaneously
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injected in proximity to the tumor immediately after each
application of radiation. For neutrophil depletion, the
mice were intratumorally injected with 300 pg anti-Ly6G
monoclonal antibody (mAb in 100 pL. PBS, clone 1AS,
BioXcell Life Sciences; West Lebanon, NH, USA) 1 day
before radiation, and then 3 times a week. The control mice
received the equivalent volume of saline. The dose of G-CSF
and anti-Ly6G monoclonal antibody was determined based
on the previous published results (14,15).

The mice were randomly divided into different
experimental and control groups as follows: (I) control
group, (II) RT and anti-Ly6G mAb group, (IlI) anti-Ly6G
mAb group, (IV) RT group, (V) G-CSF group, and (VI) RT
and G-CSF group. The Ly6G group was used to verify the
effectiveness of neutrophil depletion as well as the roles of
neutrophils in antitumor effect independently of radiotherapy.
Further, to investigate the roles of individual chemokines in
neutrophil chemotaxis, mouse cytokine array analysis (R&D
Systems; Abingdon, UK) was conducted, in which CXCL1,
CXCL2, and CCL-5-blocking antibodies (used at 50 ng/body,
1:1:1 proportion, R&D Systems) were applied 3 times at
1-week to assess the roles of these cytokines. A time-line
diagram for study design was showed in Figure S1.

Cell culture

Cancer cells were cultured by Roswell Park Memorial
Institute (RPMI) 1640 medium (Gibco, USA) in tissue
culture flasks (Corning, USA) at 37 °C in a humidified
incubator containing 95% air and 5% CO,. The complete
1640 medium contained 10% heat-inactivated fetal bovine
serum (FBS, Gibco) and 1% penicillin-streptomycin
(HyClone; GE Healthcare, Little Chalfont, UK) The
culture medium was replaced every 2 days and examined
periodically for mycoplasma contamination. Phosphate-
buffered saline (PBS) was obtained from Sigma-Aldrich St.
Louis, MO, USA). Tumor cells LLC cells were supplied by
the Shandong Academy of Medical Sciences.

Preparation of single-cell suspensions

The spleens, draining lymph nodes, and tumor tissues were
harvested from the LLC-bearing mice 3 days after the final
irradiation. Cell suspensions were obtained by squeezing
and homogenizing the spleens and tumor-draining lymph
nodes with a tissue homogenizer with PBS. Then, the tumor
tissues were minced with scissors and dissociated in tubes
containing 1 mg/mL collagenase IV (Solarbio; Beijing,
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China). The reactions were terminated with 10% FBS.
Subsequently, single cells were obtained by passing through
a 0.45-mm nylon mesh (BD Pharmingen, San Diego, CA,
USA). After centrifugation at 1,200 rpm for 5 minutes, the
supernatant was discarded and resuspended in erythrocyte
lysis buffer (Solarbio), and then put on ice for 15 minutes.
Following that, centrifugation washes were carried out at
2,000 rpm for 10 minutes. The single-cell suspensions were
then washed three times with normal saline and cultured in
RPMI 1640 at 37 °C for further analysis.

Immunobistochemistry

Immunohistochemistry (IHC) was performed employing
the streptavidin-peroxidase method. Briefly, formalin-
fixed, and paraffin-embedded tumor tissues were sliced
into 4-pm-thick sections. After dewaxing, rehydration, and
citrate antigen retrieval, primary antibodies were applied to
the sections on slides and incubated overnight at 4 °C. After
that, the slides were incubated with secondary antibodies
(SP-9000, ZSGB-BIO, China) at 37 °C. CD8, CD11b,
vimentin, and E-cadherin staining was performed with
anti-CD8 (BOSTER, Wuhan, China; 1:400), anti-CD11b
(Abcam; 1:200), anti-vimentin (Cell Signaling Technology,
CST, Boston, MA, USA; 1:300), and anti-E-cadherin (CST;
1:300), respectively. Then, the slides were developed with
3,3'-diaminobenzidine (DAB) and counterstained with
hematoxylin. The section without primary antibodies was
used as the negative controls. The staining was scored as
follows: 0, no staining; 1, <50% cells weakly stained; 2,
>50% cells weakly stained; 3, <50% cells strongly stained;
and 4, >50% cells strongly stained. The IHC staining was
scored independently in double-blindfolded manners by
two researchers. Images of three representative fields were
captured with an Olympus BX53 microscope (Olympus,
Tokyo, Japan) at 200x or 400x magnification.

Flow cytometry

The proportions or numbers of cytotoxic T lymphocytes
(CTLs, CD8+), TANs (CD11b+Ly6G+), and regulatory
T cells (Treg cells, CD4+CD25+FoxP3+) were evaluated
on day 3 after antitumor treatment. Neutrophils were
stained with two different combinations of cell surface
markers, CD11b-APC (BioLegend, San Diego, CA, USA)
and Ly6G-PE (clone GR-1, eBioscience, San Diego, CA,
USA). Flow cytometry (FC) analysis of CD8 on the surface
of suspended single cells was performed with anti-CD8
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monoclonal antibody (FITC, eBioscience). Granzyme
was stained with anti-granzyme B antibody (Alexa Fluor
647, Biolegend). A mouse regulatory T cell staining kit
(eBioscience) was used to detect Treg cells in accordance
with the manufacturer’s protocol. Briefly, after incubation
with CD4-FITC mAb and CD25-APC mAb for 30
minutes in the dark at room temperature, cells were fixed
and permeabilized with fixation/permeabilization solution
(eBioscience). Subsequently, CD4/CD25 double-stained
samples were incubated with anti-FoxP3-PE antibody
(eBioscience) for further 30 minutes in the dark at 4 °C.
All antibodies were used at 1:20 dilution in PBS and added
to 10° cells within 15 minutes at room temperature. The
cells were washed, fixed in 1% paraformaldehyde fixative
(Solarbio), and resuspended in PBS before analysis with
a fluorescence-activated cell sorter (FACS Canto II, BD
Pharmingen). A minimum of 100,000 cells were counted
per sample, and the gating strategy and representative flow
cytometry are shown in Figure S2. Results were analyzed
with FlowJo Software (Tree Star, Ashland, OR, USA).

In vitro experiments

All LLC cells were cultured according to standard protocols
as described above. First, the LLC cells were incubated in
6-well culture plates and RT was administered at a dose of
8 Gy with 6-MV high-energy photon rays on days 1, 3, and
5. The chemokines released were assessed 1 day after the
radiation treatment. A Mouse Cytokine Array Panel A (R&D
Systems) was employed to assess the cell supernatants for 40
mouse cytokines with inflammatory, homeostatic, or dual
functions. To confirm the effects of specific cytokines on
tumors, the unchanged cell supernatants obtained through
centrifugation at 2,000 rpm for 10 minutes at 12 hours and
at 1, 2, 3, 5, and 7 days after irradiation were considered
as conditioned media. These supernatants were evaluated
using enzyme-linked immunosorbent assay (ELISA) kits for
CXCL1, CXCL2, and CCLS5 purchased from CUSABIO
(Wuhan Huamei Biotech Co., Ltd, Wuhan, China) in
accordance with the manufacturer’s instructions. The
corresponding cells were used for western blotting and
quantitative real-time PCR (RT-qPCR) experiments.

Measurement and depletion of reactive oxygen species

The concentration of intracellular reactive oxygen species
(ROS) was evaluated with 2',7'-dichlorodihydrofluorescein
diacetate substrate (DCFH-DA; Sigma, Munich, Germany).
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After isolation through density gradient centrifugation
according to protocols from Percoll PLUS/Percoll (Sigma-
Aldrich), neutrophil suspensions were incubated with
10 pmol/L DCFH-DA in RPMI 1640 for 30 minutes at
37 °C, and this step was followed by washing neutrophil
suspensions with RPMI 1640. In the ROS depletion
experiment, the mice were intragastrically gavaged with
N-acetyleysteine (NAC, Beyotime, Haimen, China;
200 mg/kg) 30 minutes before the first irradiation and
2 days after the last irradiation. The fluorescence data were
acquired at 488 and 525 nm for excitation and emission,
respectively, using a FACS Canto II cytometer, and analyzed
with FlowJo Software (Tree Star).

Western blotting

Western blotting was performed according to standard
protocols. Cell lysate was prepared in RIPA lysis
buffer (Beyotime, Haimen, China), separated through
electrophoresis and then transferred onto polyvinylidene
difluoride (PVDF) membrane (Solarbio). The membrane
was blocked with 5% nonfat milk in Tris-buffered saline
containing 0.1% Tween-20 for 60 minutes at 37 °C.
Following that, membranes were incubated with the
primary antibody to E-cadherin (CST; 1:1,000), vimentin
(CST; 1:1,000), Snail (CST; 1:1,000), PI3K (Proteintech,
Chicago, IN, USA; 1:1,000), pPI3K (CST; 1:1,000), AKT
(Proteintech; 1:1,000), pAKT (Proteintech; 1:1,000), and
v-H2AX (Upstate, Billerica, MA, USA; 1:1,000) overnight
at 4 °C. Next, the membranes were then incubated with the
appropriate secondary antibodies conjugated to horseradish
peroxidase (Proteintech, 1:10,000) at 37 °C for 1 hour. The
signals from the immunoreactive bands were visualized with
enhanced chemiluminescence (ECL) substrate (Millipore,
Billerica, MA, USA). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, Proteintech, 1:1,000) served as
the internal control for normalization. The band densities
were quantified using Image]J software (version 1.62;
National Institutes of Health, Bethesda, MD, USA). The
antibodies used are described in Table S1.

RT-gPCR

Total RNA was extracted with TRIzol (Invitrogen, Grand
Island, NY, USA) from irradiation-treated LLC cells. Then,
c¢DNA was synthesized using a ReverTra Ace gPCR RT Kit
(Toyobo, Osaka, Japan) According to the manufacturer’s
protocol. RT-qPCR was conducted using TransStart Green
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qPCR SuperMix (TaKaRa Bio Inc., Dalian, China) on an
ABI ViiA7 Dx instrument (Applied Biosystems; Thermo
Fisher Scientific, Waltham, MA, USA) to determine the
messenger RNA (mRNA) expression levels of the target
genes. The samples were amplified in three independent
experiments.

The primer sequences for each gene were as follows:
CXCL1, forward: 5'-TGGCTGGGATTCACCTCAA-3',
reverse: 5'-GGCTATGACTTCGGTTTGG-3"; CXCL2,
forward: 5'-TCAAGAATGGGCGGAAAG-3', reverse:
5'-CTTCAGGGTCAAGGCAAAC-3"; CCLS, forward:
5'-AAGATCTCTGCAGCTGCCCTCACCA-3', reverse:
5'-TGAGGGCAGCTGCAGAGATCTTCAT-3"; and
GAPDH, forward: 5'-TGTTTCCTCGTCCCGTAG-3',
reverse: 5'- CAATCTCCACTTTGCCACT-3. The 27
method was used to calculate relative gene expressions, with
GAPDH used as the reference gene for normalization.

SsRNA-seq library construction

Total RNA was isolated using RNeasy mini kit (Qiagen,
Germany). According to the TruSeq™ RNA sample
preparation guide, use the TruSeq™ RNA sample
preparation kit (Illumina, USA) to synthesize the paired
end library. Simply put, use poly-T oligomagnetic beads
to purify poly-A-containing mRNA molecules. After
purification, it was cleaved into small fragments with
divalent cations at 94 °C, and the cleaved RNA fragments
were copied into the first strand cDNA with reverse
transcriptase and random primers. This is the second
subsequent cDNA synthesis using DNA polymerase I
and RNase H. These cDNA fragments then go through
an end repair process, adding a single'a’ base, and then
connecting the adaptor. Then the product was purified
and enriched by PCR to form the final cDNA library. The
purified library was quantified by Qubit® 2.0 Fluorometer
(Life Technologies, USA) and verified by Agilent 2100
Bioanalyzer (Agilent Technologies, USA) to confirm the
insert size and calculate the molarity. cBot diluted the
library to 10pm to generate clusters, which were then
sequenced on Illumina NovaSeq 6000 (Illumina, USA).
Library construction and sequencing work done by the
Shanghai Branch of the Group Company.

Statistical analysis

Differences between groups were evaluated by performing
the Unpaired T test. Each experiment was performed
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three times with 3—4 mice per group. The Kaplan-Meier
method was used to calculate the cumulative survival time,
and differences in survival were analyzed with the log-
rank test. Overall survival (OS) was defined as the interval
between the start of the treatment and death. Unpaired #-test
was used to compare tumor growth between the groups.
Data are presented as the mean + SD (standard deviation).
All data were analyzed with two-tailed tests, with P<0.05
considered to show statistical significance. All statistical
analyses were performed with SPSS statistical software
V19.0 (SPSS Inc., Chicago, IL, USA).

Results

RT-recruited neutrophils improve radiosensitivity and
survival

The recruitment of neutrophils and tumor-specific CTLs
in tumors over time following irradiation was investigated
(Figure 14). The number of recruited neutrophils reached
a peak at 24 hours post irradiation, after which the number
of CTLs began to increase slowly, peaking at 60 hours
after irradiation. These results demonstrated that RT
leads to recruitment of neutrophils as first-line immune
responders. Subsequently, radiosensitivity in LLC-bearing
mice was assessed according to tumor volume variation data
(Figure 1B). Compared with that in the control group, the
rate of tumor growth was significantly impeded in the RT-
treated mice (P=0.008), particularly in those administered
concurrent G-CSF and RT (P<0.001). Further, the OS
of mice in different groups was evaluated. The survival of
mice that received RT or a combination of RT with G-CSF
was significantly longer than that of the control group.
Moreover, these results were consistent with our hypothesis
that RT-mediated recruitment of neutrophils produces an
antitumor effect and thereby prolongs the survival of LLC
tumor-bearing mice (Figure 1C).

RT triggers cytokine secretion via persistent DNA damage

LLC cells were irradiated with 8 Gy three times, YH2AX
expression in the cells was evaluated one day after
irradiation. Western blotting showed that the levels
of YH2AX, a marker of persistent DNA damage, were
significantly increased in irradiated LLC cells (P=0.016,
Figure 1D), which confirmed the development of persistent
chromatin lesions. Earlier studies showed that cytokine
secretion occurs after the establishment of persistent DNA
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damage signaling (16). Untreated and RT-treated LLC cells
were analyzed for the presence of 40 cytokines with a Mouse
Cytokine Array Panel A. The RT-treated cells exhibited an
increased release of specific cytokines CXCL1, CXCL2,
and CCLS (Figure 1E). Next, RT-qPCR and ELISA were
performed on irradiated LLC cells and the corresponding
cell supernatants. RT was found to regulate the expression
of CXCL1, CXCL2, and CCLS in a time-dependent
manner, and CXCL2 and CCLS5 began to decrease 7
days after irradiation (Figure 1F,G). A heatmap showing
the quantification of cytokine expression is depicted in
Figure 1H,I.

RT recruitment of neutrophils is dependent on chemokines

To verify the roles of CXCL1, CXCL2, and CCLS5 in
the recruitment of TANs, mice were injected with the
corresponding antibodies. The simultaneous blockade of
CXCLI, CXCL2, and CCLS5 largely impeded RT-mediated
neutrophil recruitment, as compared with the results in the
control group (P<0.001). Moreover, TAN recruitment was
also downregulated following the administration of each
neutralizing antibody, albeit to a lesser extent than when
all three cytokines were simultaneously blocked (P=0.008,
0.012, and 0.023 for CXCL1, CXCL2, and CCLS5,
respectively; Figure 1F). In this study, neutrophils were
discovered to be first responders and to carry out important
functions.

RT leads to recruitment of neutrophils as first-line
immune responders

As shown previous, we discovered that RT leads to
recruitment of neutrophils as first-line immune responders.
The number of recruited neutrophils reached a peak
at 24 hours post irradiation, after which the number of
CTLs began to increase slowly, peaking at 60 hours after
irradiation. Subsequently, CD11b+Ly6G+TAN infiltration
in the tumor by IHC (Figure 24) and TAN infiltration in
the tumors and spleens of the mice by FC (Figure 2B) on day
3 after local irradiation and was investigated. The number
of TANSs was significantly higher in the irradiated mice,
especially in the group receiving G-CSF administration,
compared to the control mice. The subsequent intratumoral
administration of anti-Ly6G antibody resulted in almost
60% and 80% neutrophil depletion in the tumors and
spleens of irradiated mice, respectively (all P<0.05). This
successful depletion of neutrophils in the mouse models
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Figure 1 RT leads to recruitment of neutrophils via DSB-induced cytokine secretion. Changes in the percentage of TANs and cytotoxic
lymphocyte T cells in the tumor tissues over time after irradiation were analyzed by flow cytometry (A). Tumor volumes (B) and survival (C)
of LLC tumor-bearing C57BL/6 mice are shown for the control group (black), anti-Ly6G group (orange), RT + anti-Ly6G group (red), RT
group (blue), G-CSF group (green), and RT + G-CSF group (purple). LLC cells were irradiated with 8 Gy 3 times and analyzed 1 days later
for y-H2AX (D). The cytokine profiles of LLC cells after irradiation were analyzed with a mouse cytokine array panel (E). The expression
levels of CXCL1, CXCL2, and CCLS5 in supernatants (F,H), and messenger RNA (mRNA) levels in irradiated LLC cells (G,I) are shown in
histograms and heatmaps. TAN in the gated population of lymphocytes and granulocytes were analyzed after single or concurrent injection
of anti-CXCL1, CXCL2, and CCL5 mAbs. The results are illustrated in histograms (J, *P<0.05). Each experiment was repeated three times
(N=3—4 mice per group). TANs, tumor-associated neutrophils; LLC, Lewis lung carcinoma; RT, radiotherapy; G-CSE, granulocyte colony-

stimulating factor.

enabled us to investigate the effects of TANs on tumor cells. (Figure 34 and B). Significant upregulation of CTLs was
observed in the RT-treated mice, especially in those treated
with concurrent G-CSE, compared with the control mice (all

RT-recruited neutropbils promote antitumor immunity P<0.05). CTLs accumulated specifically in mice with high

IHC and FC were performed to assess the levels of
CTL infiltration in the tumors, spleens, and draining
lymph nodes of the mice on day 3 after local irradiation
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neutrophil levels. Furthermore, CTL accumulation was
significantly inhibited in the tumors (P=0.031) and draining
lymph nodes (P=0.029) of neutrophil-depleted mice that
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underwent radiation treatment compared to the control
group. Notably, G-CSF administration enhanced CTL
infiltration mediated by RT-recruited TANs in the tumors
(P<0.001), spleens (P=0.028), and draining lymph nodes
(P=0.033).

The levels of granzyme production, which reflect the
activation status of CTLs, were also assessed. The levels
of granzyme production were observed to be upregulated
in mice with high neutrophil levels. This result suggested
that the newly recruited neutrophils after RT upregulated
the number and enhanced the activation status of CTLs,
and G-CSF treatment enhanced this effect (Figure 44, all
P<0.05). In addition, the degree of Treg cell accumulation
in the tumor, spleen, and draining lymph nodes of the
mice was assessed through FC analysis (Figure 4B). Mice
that received concurrent RT treatment and G-CSF
subcutaneously injected in proximity to the tumor had
significantly fewer Tregs than the control mice in the tumor
and spleen. Treg levels were also significantly downregulated
in mice with high levels of neutrophil infiltration, whereas
anti-Ly6G-mediated neutrophil abrogation following RT
led to the upregulation of Treg levels (all P<0.05). However,
mice treated with RT alone exhibited upregulated Treg
levels in lymph nodes (P<0.05).

RT-associated recruitiment of neutvophils promotes
mesenchymal-epithelial transition

To investigate whether RT-recruited TANs could inhibit
the epithelial-mesenchymal transition (EMT) process, IHC
staining (Figure 5A,B), and RT-qPCR (Figure 5C) were
performed to detect epithelial and mesenchymal markers
in LLC tumor-bearing mice. Compared with the control
mice, the RT and G-CSF group exhibited an inhibition
of EMT with E-cadherin upregulation and vimentin
downregulation. These results supported the experimentally
described role of new recruited TANs in EMT inhibition
in LLC tumor-bearing mice. To further investigate whether
MET was initiated by the newly recruited neutrophils,
irradiated mice were treated with anti-Ly6G mAb during
the 5 days of radiation treatment.

TANSs inhibit EMT via the ROS-mediated PI3K/Akt/Snail
signaling pathway

To investigate the detailed mechanisms underlying the
antitumor effect of RT and G-CSF treatment, sequencing
analysis of tumor cells from the RT + G-CSF and RT

© Translational Lung Cancer Research. All rights reserved.

groups was performed. Several cancer-associated Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways
were identified. Interestingly, the PI3K/Akt signaling
pathway was found to be downregulated in the KEGG
analyses (Figure 64,B). The PI3K/AKT signaling pathway
plays important roles in EMT and lung cancer metastasis.
Western blotting was carried out to examine the effects
of TANs on PI3K/Akt/Snail activity in tumor tissues
(Figure 6C). As expected, the phosphorylation of PI3K/
Akt was significantly inhibited in mice that received RT
and G-CSF concurrently. Also, the expression of Snail was
downregulated in the mouse models, as detected by western
blotting and RT-qPCR (all P<0.05). The quantification
of protein expression is shown in Figure 6D. The PI3K/
Akt/Snail signaling pathway was inhibited in the mice
treated with RT and G-CSF administration. The RT and
neutrophil-depleted group showed upregulation of vimentin
and downregulation of E-cadherin (Figure 6C,D, both
P<0.05).

To investigate the correlation between ROS production
and the PI3K/Akt/Snail signaling pathway, we depleted
ROS with NAC and divided the mice into the following
groups: (I) control group, (II) RT group, (III) RT + NAC
+ anti-Ly6G mAb group, (IV) NAC group, and (V) RT
+ NAC group. The RT + NAC + Ly6G group was used
to confirm that neutrophils mediated the RT-induced
recruitment and production of ROS. Western blotting
showed that RT + anti-Ly6G + ROS depletion had activated
PI3K/Akt signaling and MET (Figure 6E,F all P<0.05).
Greater ROS accumulation was observed in RT-recruited
TANSs than in the normal neutrophils in non-irradiated
tumors (P<0.05, Figure 6G). These results suggested that
ROS play a crucial role in the reversal of EMT mediated
by TANSs via the PI3K/Akt signaling pathway in LLC cells.
Therefore, we concluded that newly recruited neutrophils
can reverse EMT via the ROS-mediated PI3K-AKT-Snail
signaling pathway (Figure 7).

Discussion

The present study yielded the following conclusions. (I)
Concurrent administration of G-CSF and RT improves
tumor-specific adaptive immune response, radiosensitivity,
and survival, in which newly recruited TANs play
indispensable roles. (II) G-CSF and RT recruit TANs based
on the roles of CXCL1, CXCL2, and CCL-5 generated by
DNA double-strand breaks, and these TANSs serve as first-
line immune responders. (III) Newly recruited neutrophils
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Figure 6 TANs inhibit EMT via the ROS-mediated PI3K/Akt/Snail signaling pathway. KEGG pathway analysis of RNA-sequencing data
showed downregulation of the PI3K/Akt signaling pathway (A,B). Western blotting showed that TANSs inhibited the activation of PI3K/
Akt signaling as well as the EMT phenotype (C,D). Western blotting showed that mice treated with anti-Ly6G or ROS depletion exhibited
activated PI3K/Akt signaling and EMT progression (E,F). Percentage of ROS from mice treated with anti-Ly6G or with ROS depletion, as

analyzed by flow cytometry (G). Similar results were obtained from three independent experiments, and differences between groups were

analyzed with Unpaired T test (C, P<0.05, N=3-4 mice per group). TANs, tumor-associated neutrophils; KEGG, Kyoto Encyclopedia of

Genes and Genomes; EMT, epithelial-mesenchymal transition; ROS, reactive oxygen species.

Figure 7 Model of the mechanism of RT-recruited neutrophils in antitumor effect. RT, radiotherapy.

increase ROS expression and inhibit EMT by suppressing
the PI3K/Akt/Snail signaling pathway.

Furthermore, compared with patients received a low
dose of G-CSF concurrent treatment, a high dose of G-CSF
treatment was correlated with significant better OS and
PES in RT-treated lung cancer patients. However, the role

© Translational Lung Cancer Research. All rights reserved.

of TANs in concurrent treatment of G-CSF and RT was
uncertain. We hypothesized that TANs play a major role in
concurrent treatment with G-CSF and RT, and we aimed
to address the potential effects and mechanisms of TANs
in the combination treatment with RT and G-CSF in lung
cancer. The present study demonstrated that RT recruits
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TANSs to tumor sites, which is consistent with findings
reported previously (17). To our knowledge, this is the first
study to investigate the mechanism underlying the role of
TANS in concurrent treatment with G-CSF and RT LLC
tumor-bearing mice and to explore the signaling pathways
involved in TAN-mediated antitumor polarization.

The three major innate immunomodulatory cell death
patterns induced by non-microbial stimuli—tolerogenic
apoptosis, necrosis, and immunogenic apoptosis—
are denoted as damage-associated molecular patterns
(DAMPs) (18). Over in recent years, DAMPs have been
considered as the main immunomodulatory pattern
of sterile cell death induced by nonmicrobial stimuli,
including RT (19). However, neutrophils have been found
to recognize pathogenic microbes through the activation
of pathogen-associated molecular patterns (PAMPs) by
binding to innate pattern recognition receptor (PRRs),
thus, resulting in an enhanced immune response against
a broad range of pathogens (20). Theoretically, the
neutrophils first recruited to the infectious sites serve as
the initial innate immune responders that affect functions
including phagocytic clearance and direct pathogen
elimination (12). In this study, mouse cytokine array analysis
showed CXCL1, CXCL2, and CCLS5 to be significantly
upregulated in LLC cells post-irradiation, as compared with
control cells. Moreover, the levels of these chemokines in
irradiated LLC cells and the corresponding supernatants
were upregulated in a time-dependent manner. The
production of CXCL1, CXCL2, and CCLS5 is responsible
for neutrophil recruitment after irradiation, as observed
in several malignant cell lines, in accordance with our
findings (14,21,22). Thus, we hypothesized that CXCLI,
CXCL2, and CCL5 might have been responsible for the
neutrophil recruitment observed in this study. To verify the
relationship between these chemokines and neutrophil-
attracting properties, we blocked cytokines with specific
neutralizing antibodies before and during irradiation.
The inhibition of cytokines markedly impeded neutrophil
recruitment, which demonstrated the absolute neutrophil-
attracting properties of CXCLI1, CXCL2, and CCLS5; these
cytokines were found to be upregulated and released by
tumor cells after irradiation, thereby facilitating neutrophil
recruitment. Furthermore, ionizing radiation induces DNA
double-stranded breaks (DSBs), which are evidenced by
the phosphorylation of histone 2AX (YH2AX) (23). The
expression of YH2AX in LLC cells was upregulated one
day after ionizing radiation treatment, thereby confirming
that the DSBs resulted from the RT. Chemokine activation

© Translational Lung Cancer Research. All rights reserved.

and inflammatory response are initiated in response to
severe irreparable DNA damage, particularly DNA DSBs.
Therefore, DSBs induce the secretion of inflammatory
cytokines and have major biological consequences.

The current study demonstrated that RT-recruited
neutrophils play an indispensable role in the induction
of the tumor-specific immune response. The number of
CTLs was significantly increased in mice receiving RT
and/or G-CSF, compared to the control mice. This result
demonstrated that the enhanced antitumor immunity was
attributable to the upregulation of neutrophil recruitment
due to irradiation, an effect that was further enhanced
by concurrent G-CSF treatment. These findings agree
with those in previous literature illustrating the effects of
neutrophils on CTLs. For instance, Radsak ez 4/. reported
that polymorphonuclear leukocytes are accessory cells
for the activation and amplification of CTLs in an MHC
I-dependent manner (24). Additionally, Lim ez 4/. illustrated
that tissue-infiltrating neutrophils secrete CXCL12, which
acts as a chemotactic signal, resulting in the migration
and localization of CTLs to infected sites in the trachea in
influenza infection (25). Thus, RT-recruited TANs appear
to play a central role in the tumor-specific adaptive immune
response mediated by CTLs, which is further enhanced by
G-CSF treatment.

The effect of G-CSF on the polarization of TANs
appears limited. Immature CD66b+CD10- neutrophils
presenting in the circulation of G-CSF-treated donors
displayed an immunostimulatory immature morphology,
and enhanced CD3/CD28-mediated T cell proliferation
and production of IFN-y (26). A role for G-CSF enhanced
RT-mediated antitumor activity by driving formation of
N1 neutrophils was reported recently (14).Conversely,
some studies identified G-CSF was associated with tumor-
promoting neutrophils (27,28). G-CSF facilitates neutrophil
proliferation, mobilizes progenitor cells from the bone
marrow, induces maturation of immature progenitor cells,
and chemoattracts neutrophils to local tissues. It is probably
because of the broad functionality of G-CSF, its exact
roles in regulating this functional variation have not been
definitely explained (29). In addition, radiation regimens
may affect the neutrophil phenotypes. An antitumor effect
may be more prone to exist in limited fractioned RT (14).

We also investigated the levels of Tregs under the same
treatments. Tregs encompass a heterogeneous population of
T cells that exhibit immunosuppressive effects. The results
showed that Treg levels were significantly decreased in
mice tumor tissue with high levels of neutrophil infiltration

Transl Lung Cancer Res 2021;10(3):1424-1443 | http://dx.doi.org/10.21037/tler-21-152
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after RT, particularly those treated with concurrent G-CSF
treatment. These results were in accordance with those
from a previous study, in which decreased neutrophil levels
upregulated Tregs in allergic rhinitis mouse models (30).
Furthermore, in this study, neutrophil abrogation mediated
by anti-Ly6G upregulated Treg levels. This result, together
with the findings on CTLs described above, illustrated that,
in addition to direct cytotoxic effects, RT-recruited TANs
can exert antitumor effects via the immune system. Notably,
the mice that underwent single irradiation exhibited Treg
upregulation in lymph nodes. This phenomenon was similar
to findings from previous studies in which RT was found
to increase the level and enhance the activation status of
Treg cells in the TME (31). Owing to apoptosis, necrosis,
and programmed cell death of other cells, the percentage
of Tregs was upregulated in lymph nodes in our study.
Together, these results show that irradiation regulates
the immune profile of the TME, resulting in transient
recruitment of antitumor TANS to tumor sites.

EMT is an indispensable process during cancer
progression and metastasis. This phenomenon can be
observed in most cancers in the processes of in situ,
malignant tumor cell invasion of surrounding tissues and
distant organ metastasis. Recent studies found EMT to be
associated with resistance to antitumor therapies, including
chemotherapeutic drugs and radiation (32-34). Gomez-Casal
R et al. illustrated that cancer cells that survive RT show
an EMT phenotype, including repression of E-cadherin,
and upregulation of N-cadherin and vimentin (35).
Furthermore, tumor progression is significantly impeded
when the reversal of the EMT process is promoted (36). In
the present study, we found that RT-recruited neutrophils
reversed the EMT in irradiated mouse models, particularly
in those treated with concurrent G-CSF administration.
These data indicated that TANSs trigger MET in LLC cells
and consequently improve tumor radiosensitivity in mice.
Furthermore, the E-cadherin promoter is suppressed by
Snail, which disrupts the epithelial polarity of cells and
exhibits mesenchymal phenotypes (37,38). Snail acts as a
transcriptional repressor by binding the E-box motifs in
the E-cadherin promoter gene (CDHI) via zinc fingers,
which results in EMT progression (39). In 2011, Hung ez
al. discovered that the upregulation of Snail expression is
associated with resistance to antitumor therapy and results
in tumor recurrence, metastasis, and poor prognosis in
various human cancers (40). In the present study, western
blotting showed that Snail expression was significantly
downregulated in the RT mice, particularly in those that

© Translational Lung Cancer Research. All rights reserved.
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received concurrent G-CSF treatment. This phenomenon
was further confirmed in paraffin-embedded tumor sections
subjected to IHC staining. The results suggested that Snail
plays a crucial role in the reversal of TAN-mediated EMT,
which is in line with previous observations (40,41).

The PI3K/Akt-dependent signaling pathway plays
a major role in EMT. Chang et #/. indicated that
radioresistance in prostate cancer is associated with the
activation of the PI3K/Akt signaling pathway (42). Western
blotting revealed dephosphorylation of PI3K/Akt in mice
that had high levels of neutrophils that were recruited by
RT or upregulated by G-CSF treatment. These results
confirmed that the TAN-mediated MET occurred via the
PI3K/Akt signaling pathway in LLC cells. Furthermore,
several investigations have revealed that ROS generation
is an event upstream of the PI3K/Akt pathway. ROS,
which comprise various short-lived and oxygen-containing
molecules, can affect physiological processes and activate
multiple intracellular signaling pathways by regulating the
kinase activity and phosphorylation of proteins via cysteine
oxidation (43-45). In the present study, we found that RT-
recruited TANSs generated significantly more ROS than
normal neutrophils. Zaragoza-Campillo et /. discovered
that ROS treatment leads to Akt inactivation in a time-
dependent manner (46). Li et 4/. demonstrated the essential
role of ROS in Akt dephosphorylation (47). Some studies
have also shown that high-glucose exposure efficiently
decreases ROS levels and alters dephosphorylation in the
PI3K/Akt pathway (48). Our analytical results suggested
that RT-recruited TANs enhance ROS generation, which
in turn inactivates the effects on the PI3K/Akt signaling
pathway. Besides, ROS was depleted with NAC to
investigate the correlation between ROS production and
the PI3K/Akt/Snail signaling pathway. Snail expression
and EMT progression were significantly upregulated in
NAC-treated mice. We also observed that phosphorylation
of PI3K/Akt was upregulated in mice treated with NAC,
compared with the control mice. These results suggested
that ROS plays a crucial role in the reversal of TAN-
mediated EMT via the PI3K/Akt signaling pathway in
LLC cells. Moreover, the effects of TANs on tumors
were enhanced by concurrent G-CSF treatment. Thus,
we conclude that TANs can reverse EMT via the ROS-
mediated PI3K-AKT-Snail signaling pathway.

Previous research showed that prophylactic G-CSF
resulted in an unexpected reduced local control and
should be given in radiotherapy regimen only with strong
hematologic indication (49). Other researches also showed
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that simultaneous treatment with G-CSF during RT would
reduce the mobilization of CD34+ progenitor cells and
exhaust the bone marrow capacity, as well as increase the
risk of thrombocytopenia (50,51). Thus, CSFs should be
avoided in patients receiving concomitant chemotherapy
and radiation therapy, particularly involving the
mediastinum. In the absence of chemotherapy, therapeutic
use of CSFs may be considered in patients receiving
radiation therapy alone if prolonged delays secondary to
neutropenia are expected. However, though there were
concerns regarding the safety and efficacy of combination
treatment of G-CSF and CCRT, Benna ez 4/. also pointed
out that no abnormal infield event was reported in patients
received CSFs-chemoradiation so far (52). G-CSF could
be a novel therapeutic target to mitigate the harmful effect
of radiotherapy including neutropenia for the treatment of
NSCLC (53).

Our conclusions were based on animal studies, which
helped to provide useful refinements in the methodology
of animal experiments about G-CSF in combination with
radiotherapy. The limitation of preclinical animal studies
is that some caution is warranted when extrapolating
experimental results to the clinic. Pre-clinical data from in
vitro and in vivo studies does not perfectly mimic human
pathophysiology. Thus, further investigation to elucidate
the role of G-CSF in combination with radiotherapy were
needed.

The in vitro and in vivo results of this study confirmed
that RT leads to recruitment of neutrophils through the
co-release of CXCL1, CXCL2, and CCLS. RT-recruited
TANSs induce MET via the inhibition of the ROS-mediated
PI3K/Akt/Snail signaling pathway, thus, improving
antitumor immune activity. This effect is further enhanced
by concurrent G-CSF treatment. In summary, newly
recruited TANSs are a major contributor to the antitumor
effects of concurrent RT and G-CSF, and this mechanism
may serve as a novel antitumor therapeutic strategy for
patients with cancer.
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Supplementary

Table S1 Primary antibodies used in the study

Antibody

Use

Company

Ly6G (clone 1A8)
CXCL1

CXCL2

CCL5

CD8

CD11b

Vimentin
E-cadherin
CD11b-APC
Ly6G-PE (clone GR-1)
CD8-FITC
Granzyme B antibody-Alexa Fluor 647
CD4-FITC
CD25-APC
FoxP3-PE
N-acetylcysteine
E-cadherin
Vimentin

Snail

PI3K

pPI3K

AKT

PAKT

v-H2AX

GAPDH

300 pg/body, neutrophil depletion

50 ng/body, blocking
50 ng/body, blocking
50 ng/body, blocking
1:400, IHC
1:200 for IHC
1:300, IHC
1:300, IHC
1:20, FC
1:20, FC
1:20, FC
1:20, FC
1:20, FC
1:20, FC
1:20, FC

200 mg/kg, ROS depletion

1:1000, Wb
1:1000, Wb

—_

11000, Wb

—_

11000, Wb

—_

11000, Wb

—_

11000, Wb

—_

11000, Wb

—_

11000, Wb

—_

11000, Wb

BioXcell Life Sciences
R&D Systems
R&D Systems
R&D Systems
BOSTER
Abcam
Cell Signaling Technology
Cell Signaling Technology
BioLegend
eBioscience
eBioscience
Biolegend
eBioscience
eBioscience
eBioscience
Beyotime
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Proteintech
Cell Signaling Technology
Proteintech
Proteintech
Upstate

Proteintech

WB, western blotting; IHC, immunohistochemistry; FC, flow cytometry.
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Figure S1 A time-line diagram for study design. RT, radiotherapy; G-CSE, granulocyte colony-stimulating factor; NAC, N-acetylcysteine;
IHC, immunohistochemistry; FC, flow cytometry; WB, western blotting; RT-qPCR, quantitative real-time PCR.

Figure S2 The gating strategy and representative flow cytometry. In total, 100,000 events were recorded, and were initially gated according
to FSC/SSC profiles.
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