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1  |  INTRODUC TION

Abundant AA supply and production are important factors that 
maintain the high proliferative rate of tumor cells.1 It has been 

reported that AA metabolism alterations (including glutamate, ala-
nine, methionine, and cysteine), either intracellular or extracellular, 
are related with tumor development and progression,2–4 in which 
oncogene activation and tumor suppressor gene mutation generally 
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Abstract
Neutrophils are the first defenders of the innate system for injury and infection. They 
have gradually been recognized as important participants in tumor initiation and de-
velopment due to their heterogeneity and plasticity. In the tumor microenvironment 
(TME), neutrophils can exert antitumor and protumor functions, depending on the 
surroundings. Tumor cells systemically alter intracellular amino acid (AA) metabolism 
and extracellular AA distribution to meet their proliferation need, leading to meta-
bolic reprogramming and TME reshaping. However, the underlying mechanisms that 
determine how altered AAs affect neutrophils in TME are less-explored. Here, we 
identified that abundant glutamate releasing from tumor cells blunted neutrophils’ 
cell-killing effects toward tumor cells in vitro and in vivo. Mass spectrometric de-
tection, flow cytometry, and western blot experiments proved that increased levels 
of pSTAT3/RAB10/ARF4, mediated by glutamate, were accompanied with immuno-
suppressive phenotypes of neutrophils in TME. We also discovered that riluzole, an 
FDA-approved glutamate release inhibitor, significantly inhibited tumor growth by 
restoring neutrophils’ cell-killing effects and decreasing glutamate secretion from 
tumor cells. These findings highlight the importance of tumor-released glutamate on 
neutrophil transformation in TME, providing new possible cancer treatments target-
ing altered glutamate metabolism.
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drive the alteration of catalytic enzyme expression and activity.5 
Several AA-related receptors and transporters are also associated 
with cancer progression in tumor cell-autonomous and nonauton-
omous ways.2,6,7 In addition to their direct role of protein synthesis 
in tumor cells as materials, AAs in TME are also involved in energy 
generation and tumor-infiltrated immune cell training, providing new 
ways for cancer treatment targeting AA metabolism.

The TME is tightly sculpted by tumor cells through the release 
of various chemokines and metabolites.8 This leads to systemic re-
programming of surrounding cells, including fibroblast, endothelial, 
innate, and adaptive immune cells.9  Neutrophils are the first de-
fenders of the innate system for injury and infection. Neutrophils 
have been gradually recognized as important participants in tumor 
initiation and development due to their heterogeneity and plas-
ticity.10  Neutrophil-contained granules and proteins are shown to 
kill tumor cells and facilitate tumor cell migration simultaneous-
ly.11–13  The role of neutrophils in TME remains controversial, with 
evidence for antitumor and protumor functions depending on the 
surroundings.14 Understanding the molecular mechanisms that drive 
neutrophils’ plasticity and the switch between pro- and antitumor 
effects is needed urgently. Based on previous evidence that AA me-
tabolism was tightly associated with neutrophil functionality,15,16 we 
hypothesized that altered AAs in TME might be one of the factors 
that influence neutrophil phenotype.

In this study, we found that tumor cells secreted glutamate in 
vitro and in vivo. High-dose glutamate stimulation on neutrophils 
dampened cytotoxicity toward tumor cells. Specifically, glutamate 
upregulates the expression of pSTAT3, ARF4, and RAB10 in neutro-
phils, along with decreased cytotoxicity and inhibitory effects on 
T cell proliferation. Moreover, riluzole (glutamate release inhibitor) 
effectively restored neutrophil cytotoxicity toward tumor cells by 
reducing glutamate secretion in TME. These results indicate that 
glutamate was important tumor-released AAs for neutrophil trans-
formation in TME, which provided the possible mechanisms for neu-
trophil plasticity in tumors.

2  |  MATERIAL S AND METHODS

2.1  |  Mice and treatments

Male C57/BL6  mice were purchased from TengXin Experimental 
Animal Company. All mice were fed and maintained at the animal 
facility of Army Medical University. All experiments were carried 
out with weight-matched (18–22 g) male mice and approved by the 
Ethics Committee of Army Medical University.

2.2  |  Tumor cell line culture

Three murine tumor cell lines, melanoma (B16), Lewis lung carci-
noma (LLC), and colon adenocarcinoma (MC48), were purchased 
from ATCC. Dulbecco’s modified Eagle’s medium (11965) and FBS 

(10100) were purchased from Thermo Fisher Scientific. All murine 
tumor cell lines (LLC, MC38, and B16) were cultured with DMEM 
(10% FBS supplemented). Luciferase-containing lentiviral vectors 
(79943; BPS Bioscience) were coated and transfected with tumor 
cell lines LLC, MC38, and B16. The cells that stably expressed lucif-
erase were selected by ampicillin and passaged for the following in 
vitro cytotoxicity effects.

2.3  |  Tumor model

Tumor cells (106 cells) were subcutaneously injected into the 
left armpit of male C57/BL6  mice and tumor sizes were moni-
tored every 2  days. Tumor volume was calculated by the formula 
0.5  ×  length  ×  width2. To study the contribution of neutrophils/
CD8  T cells to the riluzole-mediated antitumor effect, five mice 
in each group were i.p. injected with 200  μg anti-LY6G (Clone 
1Α8, BP0075-1; BioXCell) and 200  μg anti-CD8α (Clone:53–6.7, 
ΒΕ0004-1; BioXCell) four times before and after tumor inoculation 
(days −2, 1, 4, and 7). To test the cell-killing effect of neutrophils 
from riluzole-treated tumor tissues, five mice in each group were 
treated with riluzole (18 mg/kg, 0768; Tocris) through i.p. injection 
four times after tumor inoculation (days 1, 4, 7, and 10) according to 
a previous study.17 Tumor tissues were then harvested and ground 
into single cell suspension by a Tissue Digestion Kit (05401020001; 
Sigma Aldrich) for the following studies.

2.4  |  Neutrophil isolation

Neutrophils from blood were purified by using LY6G MACS 
Microbeads (130120337; Miltenyi Biotec). Briefly, red blood cells 
were removed by ACK lysis buffer (BL5031; Biosharp). Dead cells 
were cleared up by a Dead Cell Removal Kit (130090101; Miltenyi 
Biotec). Single cell suspensions were then incubated with LY6G-
labeling beads (10 μl beads for 107 cells) at 4°C for 15 min. For neu-
trophils from tumors, single cell suspensions were incubated with 
LY6G MACS Microbeads and the Dead Cell Removal Kit on ice for 
15 min. These LY6G-labeled cells were separated by LS column sepa-
rators. Isolated neutrophils were confirmed by FACS that 95% were 
murine neutrophils (CD45+CD11b+LY6G+) and the viability rate was 
more than 90%.

2.5  |  In vitro cytotoxicity assay

The cytotoxicity effects of neutrophils were determined as previ-
ously described.18 Briefly, 5 × 104 tumor cells were seeded into 96-
well plates. After 6 h, normal DMEM culture medium was replaced 
with FBS-free DMEM. Neutrophils isolated from blood or tumor tis-
sues were harvested as described above. Isolated neutrophils were 
put into tumor cells (Luciferase expressing) and seeded into 96-well 
plates at tumor cell : neutrophil ratios of 1:1, 1:10, and 1:50. After 24 h 
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of coculturing, neutrophils and dead cells were washed away by PBS. 
The number of surviving tumor cells was evaluated using the firefly 
luciferase detection kit (16177; Thermo Fisher) with luminometer. 
The RLU values of DMEM without cells (Blank), tumor cell medium 
with/without neutrophils (control and coculture) were recorded, 
tumor cell viability (%) was presented as ([RLUcoculture  −  RLUblank]/
[RLUcontrol − RLUblank] × 100%). L-Glutamic acid (1.00291) and GLS 
inhibitor CB-839 (S7655) were purchased from Sigma-Aldrich and 
Selleckchem, respectively.

2.6  |  Medium AA analysis

The AA component and concentration of cultured cell supernatants 
were analyzed by AminoSAAYA (LA8080; HITACHI). Blank medium 
(DMEM without FBS) was used as control. Standard protein sample 
(VWD1E) and control sample (VWD1F) were used to define the spe-
cific protein signals. Tumor cell lines (106 cells) were cultured with 
DMEM (2  ml, FBS-free) for 24  h. The cell cultured mediums were 
then centrifuged at 6800 g for 15 min and diluted with 5% trichlo-
roacetic acid. Supernatants were collected for the following AA 
analysis. Relative AA concentration in cell cultured medium was cal-
culated by comparing to blank medium. The curves of standard pro-
teins sample, blank FBS-free DMEM medium, and cultured medium 
were shown in Figure S1.

2.7  |  Glutamate detection

The glutamate concentration was determined by a fluorometric glu-
tamate assay kit (STA-674; Cell Biolabs). For cell culture medium (106 
cells in 2 ml culture medium), supernatants were centrifuged at 6800 
g for 10 min and diluted with assay buffer. For tumors, the tissues 
were homogenized and sonicated with hydrolysis buffer (STA-674, 
200 μl for 20 mg tissue; Cell Biolabs). The glutamate concentration 
was calculated by comparing the sample RFU value to the standard 
curve.

2.8  |  Flow cytometry

For the flow cytometry study, C57/BL6 mice bearing LLC tumors 
of approximately 150  mm3 were treated with riluzole by i.p. in-
jection once every 2  days for a total of five times. Tumors and 
peripheral blood were harvested 1  day following the last treat-
ment. Single cell suspensions were prepared and costained for 
CD4 (Clone:GK1.5, 100421; BioLegend), CD8 (Clone:YTS156.7.7, 
126606 and Clone:YTS156.7.7, 126613; BioLegend), CD45 
(Clone:30-F11, 103130; BioLegend), FOXP3(Clone:MF-14, 
126409; BioLegend), CD11b (Clone:M1/70, 101201; BioLegend), 
and Gr-1 (Clone:RB6-8C5, 108407; BioLegend) for FACS analy-
sis. Gating schematics for specific cell populations are shown in 
Figure S2.

2.9  |  Immunofluorescence

Immunofluorescence analysis was carried out as previously de-
scribed.19 Briefly, isolated neutrophils were smeared on glass slides 
and incubated with primary Abs diluted with 5% BSA containing 0.1% 
Triton-100X at 4℃ overnight. LY6G Ab (ab238132) was purchased 
from Abcam, ARF4 (bs-8750R) from Bioss, and Abs of RAB10 (8127) 
and pSTAT3 (Tyr705, 9145) were purchased from Cell Signaling 
Technology. The slices were subsequently washed with PBST three 
times and incubated with Alexa Fluor-488/555 conjugated second-
ary Ab (1:800) for 2 h at 37℃. The slices were incubated with DAPI 
for nucleus staining and observed under a fluorescence microscope 
(IX-81; Olympus).

2.10  |  Western blot analysis

After 24 h, neutrophils treated with gradient glutamate were lysed 
in 1× RIPA lysis buffer (P0013C; Beyotime) and Protease Inhibitor 
Cocktail (78429; Thermo Fisher Scientific). Antibodies of ARF4 (bs-
8750R; Bioss), RAB10 (8127; Cell Signaling Technology), pSTAT3 
(Tyr705, 9145; Cell Signaling Technology), and β-actin (3700S; 
Cell Signaling Technology) were incubated overnight.  Goat anti-
rabbit/mouse HRP tagged secondary antibody (A0208 and A0216; 
Beyotime) were subsequently incubated at room temperature for 
1  h. Finally, protein blots were visualized western ECL substrate 
(1705060; Bio-Rad).

2.11  |  CD8+ T cell proliferation experiment

Murine CD8+ T cells were isolated from spleen by using CD8 MACS 
Microbeads (130120337; Miltenyi Biotec). The cells were har-
vested and resuspended with 5 μM CellTrace CFSE staining solution 
(C34554; Thermo Fisher Scientific). Cells were incubated for 20 min 
in a 37°C water bath. Aliquots of stained cells were distributed into 
anti-CD3 (5 μg/ml, 11003081; eBioscience) and anti-CD28 (2.5 μg/
ml,16028981; eBioscience) coated 24-well plates. These CD8+ T 
cells were cocultured with isolated neutrophils with RMPI-1640 me-
dium at different coculture ratios (neutrophil number : CD8+ T cell 
number) for 24 h. After gating out dead cells, the proliferated CD8+ 
T cells were analyzed by FACS in FITC channel.

2.12  |  Mass spectrometry

Murine neutrophils were isolated from blood using the Percoll gra-
dient method20 (P4937, pH 8.5–9.5; Sigma) and treated with/with-
out glutamate (100 μM, G0355000, CAS 56-86-0; Sigma) for 24 h. 
Then 107 neutrophils were lysed in 200μl lysis buffer combined with 
sonication on ice. After digestion with trypsin (V5280; Promega), 
samples were shifted to Luming Biological Technology for the fol-
lowing steps, according to a previous study21: iTRAQ labeling and 
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hydrophilic interaction chromatography fractionation, LC-MS/MS, 
and data analysis. Proteins with changes greater than 1.5-fold and 
p < 0.05 were considered differentially expressed.

2.13  |  Tumor Immune Single-cell Hub analysis

Tumor Immune Single-cell Hub provides detailed cell-type annota-
tion at the single-cell level, enabling the exploration of TME.22 In 
this study, single cell-sequencing data of human NSCLC were re-
trieved and compared (GSE127465 and GSE99254), and mRNA 
relative expression of intended genes in different cell types from the 
GSE127465 dataset are presented. The mRNA expression levels are 
shown as log2 values of TPM.

2.14  |  Gene Expression Profiling Interactive 
Analysis database

We tested the mRNA correlation between GLS and human neu-
trophil marker genes (CD11b/ITGAM and CD66b/CEACAM8) from 
human LUAD and LUSC samples in the GEPIA database, as well as 
comparable normal tissues. The Pearson correlation coefficient val-
ues (R) and p values were analyzed and presented according to a 
previous study.23

2.15  |  Statistical analysis

All experiments were repeated at least three times in duplicate. 
Results are presented as mean ± SEM. When comparing two groups, 
p values were calculated using two-tailed Student’s t-tests. For mul-
tiple treatment group comparisons, significance was determined by 
one-way ANOVA, followed by Tukey’s post hoc multiple compari-
sons test. All statistical analyses were undertaken with GraphPad 
Prism software.

3  |  RESULTS

3.1  |  Glutamate is released from tumor cells in 
TME

We analyzed the AA release from three murine tumor cell lines 
(LLC, MC38, and B16) in vitro using the High-Speed Amino Acid 
Analyzer AminoSAAYA. According to the standardized AA sample 
curve, 20 AAs/metabolites were detected in cell medium (Figure S1). 
After 48 h, supernatants were collected for the AA detection and 
cells were harvested for cell recounting. The standardized data 
(Figure 1A) showed that Glu and Ala were concordantly increased 
after culturing. We then measured Glu levels from tumor tissues 
and serum of tumor-bearing mice (LLC, MC38, and B16). Using 
the fluorometric glutamate assay kit assay, we analyzed the Glu 

concentration in tumors and paratumor tissues (control). As shown 
in Figure 1B, glutamate levels in tumors were significantly increased 
compared to control groups, indicating that tumor tissues were 
glutamate-abundant. We did not see statistical differences in Glu 
levels in serum (Figure  1C), whereas the glutamate concentration 
in tumor tissue was increased approximately 2–7-fold compared to 
serum.

L-glutamate is converted from L-glutamine by GLS.24  The in-
creased L-glutamine consumption and GLS expression driven by 
oncogenes (cMyc) are hallmarks of cancer cells,25  leading to exces-
sive glutamate production (Figure  1D). Tumor-released glutamate 
was shown to promote tumor cell proliferation in an autocrine-
dependent manner.26,27 However, the effect of extracellular gluta-
mate on neutrophils in TME is still unknown. Using TISCH (http://
tisch.comp-genom​ics.org), we analyzed the mRNA levels of GLS 
in different cell types from human NSCLC samples. Compared to 
tumor cells, T cells, and macrophages, neutrophils expressed rel-
atively low levels of GLS, indicating that tumor cells (Figure 1E), T 
cells, and macrophages were possibly the main source for glutamate 
release in TME. Using GEPIA (http://gepia.cance​r-pku.cn), we tested 
the mRNA correlation between GLS and human neutrophil marker 
genes (CD11b/ITGAM and CD66b/CEACAM8) from human LUAD 
and LUSC samples. GLS expression was positively related to ITGAM 
(CD11b, r  =  0.26, p  <  0.0001; Figure  1F) and CEACAM8 (CD66, 
r = 0.26, p < 0.0001; Figure 1G) in tumor tissues, which were not 
observed in normal tissues. Here, we proved that tumor cells were 
capable of secreting glutamate in vitro and in vivo, making TME into 
a glutamate-abundant environment.

3.2  |  Tumor cell-killing effect by neutrophils is 
significantly blunted in TME, which could be restored 
by glutamate release inhibitor riluzole

Neutrophils show both protumor and antitumor effects, depending 
on various surroundings.10,11,27–29 A previous study and our data both 
showed that glutamate was abundant in tumor tissues.2,28 We hy-
pothesized whether glutamate could modulate neutrophil functions 
in tumor. Hence, we compared the cytotoxic effects between blood-
derived neutrophils and tumor-derived neutrophils. The isolated 
neutrophils were cocultured at varying ratios with luciferase-labeled 
tumor cells. The blood-derived neutrophils presented obvious cyto-
toxic potential in a ratio-dependent manner, which was not observed 
in intratumoral neutrophils (Figure  2A–C). This phenomenon was 
also observed previously,29–31 indicating TME possibly switched the 
neutrophil phenotype. In order to explore glutamate effects on neu-
trophils, we used glutamate release inhibitor riluzole32 to treat LLC-
tumor bearing mice. As shown in Figure  2D–F, riluzole treatment 
significantly inhibited glutamate release from tumor cells in vitro 
and in vivo. LY6G+ intratumoral neutrophil cells from control mice 
were found to be noncytotoxic up to a ratio of 1:10, whereas neu-
trophils isolated from the tumors of riluzole-treated mice showed 
dose-dependent cytotoxicity, with more significantly killing effects 

http://tisch.comp-genomics.org
http://tisch.comp-genomics.org
http://gepia.cancer-pku.cn
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than control groups at ratios of 1:10 and 1:50 (Figure 2G). These data 
preliminarily showed that glutamate release blocked by riluzole in-
creased neutrophil cytotoxic effects.

3.3  |  Glutamate decreases neutrophil cytotoxicity 
toward tumor cells in vitro

We next used glutamate-pretreated neutrophils to coculture with 
tumor cell line LLC. As shown in Figure 3A, glutamate pretreatment de-
creased neutrophil cytotoxicity toward tumor cells in dose-dependent 
manner. The cell-killing effects were almost abolished at treatment 
doses above 50 μM glutamate. Riluzole treatment on neutrophils did 
not directly influence neutrophils’ cytotoxic functions to tumor cell 
line LLC (Figure  3B), but it directly inhibited tumor cell growth in a 
dose-dependent manner (Figure  3C) in vitro. Previous studies have 
shown that targeting glutamate synthesis and release in tumor was 

effective to inhibiting tumor cell proliferation.17,33–36 Our data showed 
that GLS inhibitor (CB-839) killed tumor cells directly and sensitized 
tumor cells to neutrophil cytotoxicity (Figure 3D–F). Tumor cells incu-
bated with glutamate release inhibitor riluzole (5 μM) were more vul-
nerable to neutrophil cytotoxicity (Figure 3G–I). Glutamate-pretreated 
neutrophils showed weak cell-killing effects toward tumor cell lines 
compared to the control group (Figure 3G–I). These data confirmed 
that glutamate synthesis and release from tumor cells were responsi-
ble for blunting neutrophil cytotoxicity in vitro and in vivo.

3.4  |  Expression of pSTAT3, ARF4, and RAB10 
highly induced after glutamate treatment in 
neutrophils

We next used mass spectrometry to screen out differential proteins 
in neutrophils after glutamate treatment. As shown in Figure 4A–C, 

F I G U R E  1  Analysis of glutamate production and glutaminase (GLS) expression in tumor. (A) Fourteen amino acids (AAs) in culture 
medium from three tumor cell lines (LLC, MC38, and B16). n = 3. (B) Glutamate concentration in tumor tissue was detected when tumor 
size reached 150 mm3. Control represents paratumor tissues. (C) Glutamate concentration in serum. Control represents tumor-free mice. 
n = 5 for B and C. (D) Schematic diagram of glutamate synthesis and release. (E) Tumor Immune Single-cell Hub database analysis of GLS 
expression comparison in human tumor tissue. Left panel presents different cell types. Right panel shows the relative GLS expression 
log2(transcripts per million [TPM]) in different cell types. (F, G) Gene Expression Profiling Interactive Analysis correlation analysis between 
GLS and ITGAM (CD11b)/CEACAM8 (CD66b) in The Cancer Genome Atlas human non-small-cell lung cancer (NSCLC) database (lung 
adenocarcinoma and lung squamous cell carcinoma, n = 481) and related normal tissues (n = 126). Correlation coefficients (r) were calculated 
by Pearson analysis with p value included
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glutamate treatment resulted in several protein levels and related-
pathway changes from membrane to nucleus, including STAT3, 
calcium-binding mitochondrial carrier protein, ARF4, and Ras-
related protein. The Kyoto Encyclopedia of Genes and Genomes 
pathway analysis further showed that glutamate activated several 
tumorigenesis-associated pathways (Figure 4C), including the TGF-β 
and hypoxia inducible factor-1 pathways, which are important for 
tumor cell migration and neutrophil transformation.37,38 Using 
the TISCH database, we analyzed the mRNA levels of glutamate-
changed proteins (STAT3, SCaMC-1, ARF4, and RAB10) from NSCLC 
patients. The data revealed that all these genes were widely dis-
tributed (Figure 4D–G). For neutrophils in TME (Figure 4D–G, red 
circle), the SCaMC-1 mRNA level was extremely low, while STAT3, 
ARF4, and RAB10 levels were considerably high. We also used im-
munofluorescence and western blot analyses to confirm this. As 
Figure  5A,B shown, protein levels of ARF4, RAB10, and pSTAT3 
(functional form of STAT3) in neutrophils were significantly induced 
by glutamate. Also, levels of these three proteins in neutrophils from 
LLC tumor tissues were strikingly increased compared to blood-
derived neutrophils (Figure 5C). Quantified data (Figure 5D,E) sup-
ported that this induction was consistent with increased glutamate 
concentration in tumor tissues (Figure 1B,C) and decreased neutro-
phil cytotoxic effects (Figure 2A–C). Specifically, Vasquez-Dunddel 
et al.39 confirmed that activated STAT3 drove neutrophils into an 

immunosuppressive phenotype by enhancing arginase-I activity 
directly. Fan et al.40 and Gu et al.41 also proved that RAB10 phos-
phorylation in neutrophils leads to activation of leucine rich repeat 
kinase 2, which was associated with poor prognosis in cancer pa-
tients. The detailed mechanisms that explain how STAT3/ARF4/
RAB10 influenced neutrophil-mediated cell killing effects were the 
subject of the following investigations.

3.5  |  Riluzole decreases pSTAT3 level on 
neutrophils and increases CD8+ T cell frequency 
in TME

The above data suggested that glutamate abundance in TME was pos-
sible for suppressing neutrophil antitumor effects. Riluzole treatment 
significantly inhibited glutamate release, which was speculated to re-
shape immune responses in TME. To further investigate how riluzole 
influenced the TME and the antitumor response, we characterized 
neutrophils and T cells in an LLC tumor model by flow cytometry. As 
shown in Figure 6A,B, the number of neutrophils (CD11b+Gr-1+) was 
significantly decreased in LLC tumors after riluzole treatment. The in-
tracellular pSTAT3 levels of neutrophils in TME were also dramatically 
decreased after riluzole treatment (Figure 6C,D). The pSTAT3 levels of 
neutrophils from blood were relatively low compared to those from 

F I G U R E  2  Cytotoxic effect of neutrophils from blood and tumor tissue. (A–C) Viability of luciferase-tagged tumor cells after 24 h of 
coculture with isolated neutrophils from blood and tumor tissues (three types). n = 5 (D) Glutamate release from three tumor cell lines after 
treating with gradient riluzole for 24 h. *Means compared to control. (E, F) Glutamate concentration in tumor tissues and serum from tumor-
free mice (control), LLC and riluzole-treated LLC-bearing mice. *Means compared to LLC. (G) Intratumoral neutrophil cytotoxic effects on 
LLC at different coculture ratios. */**Differences between riluzole group and blank group. n = 5. Data are presented as mean ± SEM
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tumor tissues, consistent with western blot results. This indicated that 
decreased levels of pSTAT3 in neutrophils were accompanied with 
increased cytotoxicity toward tumor cells. The frequency of CD8+ T 
cells was increased in riluzole-treated tumors (Figure 6E,F). We did not 
see a difference in CD4 T cells and regulatory T cell (CD4+FOXP3+) 
frequency in riluzole-treated tumor tissue compared to control groups 
(Figure  6E–H). Of note, the percentages of circulating neutrophils, 
pSTAT3 positive neutrophils, as well as T cells from blood were quite 
even between riluzole treated/untreated mice (Figure S3), indicating 
that riluzole primarily affected those immune cells in tumor tissues. 
The TME reshaping after riluzole treatment, especially on neutrophils 

and CD8+ T cells, was possibly attributable to decreased glutamate 
release in tumor tissue.

3.6  |  Antitumor effects of riluzole is partially 
dependent on the presence of neutrophils and CD8+ T 
cells in TME

Our data (Figure 7A) and other studies both showed that riluzole in-
hibited tumor growth in a dose-dependent manner.17,33,35 However, 
the antitumor effects in SCID mice (T and B cell deficiency) were 

F I G U R E  3  Cytotoxic effect of neutrophils on tumor cells mediated by riluzole and glutamate. (A) Cell viability of LLC after coculturing 
with glutamate treated neutrophils at different ratios. (B) Cell viability of LLC after coculturing with riluzole pretreated neutrophils at 
different ratios. */**Significant differences between glutamate (100 μM) and blank neutrophil groups. (C) Cell viability of three tumor cell 
types after riluzole treatment for 24 h. (D–F) Cell viability of LLC/B16/MC38 cocultured with/without neutrophils at 1:10 ratio combined 
with gradient doses of CB-839 treatments (0–2.5 μM) for 24 h. **Significant differences between tumor cell alone groups and neutrophil 
coculture groups. Riluzole (2.5 μM) or glutamate (100 μM) pretreated neutrophil/tumor cells for 6 h and resuspended with complete DMEM. 
Subsequently, these pretreated neutrophils/tumor cells were cocultured at different ratios for 24 h. Tumor cell viability was determined by 
luciferase signal intensity. (G–I) Cell viability of LLC/B16/MC38 after coculturing with neutrophils. */**Differences between riluzole group 
and blank group. #/##Differences between glutamate group and blank group. n = 5
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reduced when riluzole was injected alone.17,34 Given that glutamate 
stimulation was capable of modulating T cell activation and neutro-
phil migration,42,43 these two populations were both tightly engaged 
with immune responses against cancer.8,10  We explored whether 
riluzole-mediated tumor growth inhibition was dependent on neu-
trophils and CD8+ T cells. As shown in Figure 7B, injection of either 
anti-LY6G or anti-CD8 mAb dramatically abolished the tumor growth 
inhibition in riluzole-treated tumor-bearing mice. This implied that 
both neutrophils and CD8+ T cells were essential to the antitumor 
effects of riluzole. One of the immunosuppressive potentials of neu-
trophils was through suppressing stimulated T cell proliferation.44 
Given the fact that riluzole alone did not influence CD8+ T cell pro-
liferation rate directly (Figures 7C and S4), we wondered whether 
neutrophils from riluzole-treated tumors could affect CD8+ T cell 
proliferation. We assessed the proliferation of anti-CD3/CD28–
stimulated T cells cocultured with neutrophils either from blood or 
tumor tissues for 24 h. When the neutrophil/CD8+ T cell coculture 

ratio was 1:4 and 1:2, tumor-derived neutrophils dramatically de-
creased the T cell proliferation rate compared to blood-derived neu-
trophils (Figure 7D). The inhibitory effects were significantly blocked 
after coculturing with neutrophils from riluzole-treated tumor tis-
sues. These results proved that riluzole treatment increased CD8+ T 
cell proliferation by decreasing neutrophil suppressive effects. The 
presence of neutrophils and CD8+ T cells were indispensable for 
riluzole-mediated tumor growth inhibition.

4  |  DISCUSSION

In this study, we established the connection between glutamate 
release and neutrophil reshaping in TME. Abundant glutamate re-
leasing from tumor cells blunted the cytotoxic effects of neutrophils 
in vitro and in vivo. In addition, glutamate upregulates the expres-
sion of pSTAT3, ARF4, and RAB10 in neutrophils and facilitates 

F I G U R E  4  Differential protein expressions on neutrophils after glutamate treatment. (A) Mass spectrometry protein analysis for 
neutrophils with/without glutamate stimulation (100 μM). Differential proteins were visualized after log2 conversion. Red, upregulation; blue, 
downregulation. n = 3. (B) Subcellular distributions of differential proteins after glutamate treatment. Proteins are listed in each subcellular 
compartment. (C) Enrichment of differential protein-related pathways based on the Kyoto Encyclopedia of Genes and Genomes database. 
(D–G) Tumor Immune Single-cell Hub database analysis of STAT3/SLC25A24/RAB10/ARF4 expression comparison in human non-small-cell 
lung carcinoma (NSCLC) tumor tissue. Red circle indicates neutrophil subpopulation (cell population annotation is shown in Figure 1E). Purple 
bar represents log2(transcripts per million) of intended gene
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neutrophils forming immunosuppressive phenotypes (decreased 
cytotoxicity toward tumor cells and increased inhibitory effects on 
T cells) in TME. Moreover, riluzole (glutamate release inhibitor) ef-
fectively restores the antitumor effects of neutrophils by reducing 
glutamate abundance in TME. This confirms the important roles of 
glutamate in neutrophil transformation and TME modulation.

Glutamate, an important excitatory neurotransmitter in the brain, 
is also a major bioenergetic substrate for proliferating neoplastic 
cells.24 A previous study confirmed that glutamate over-release from 
glioma cells is associated with fast tumor growth.27 Here, we further 
prove that glutamate release is prevailing in tumor cells, which can 
possibly be attributed to the enhanced glutamate uptake/release 
systems in tumor cells.45 Tumor cell-released glutamate promotes its 
proliferation in an autocrine-dependent manner.46 Overexpression 
and activation of glutamate receptors are highly involved in tumor 
malignancy.47 The effectiveness and pharmacological properties of 

glutamate receptor antagonists are still under evaluation.2 However, 
most of these investigations mainly focused on tumor cells them-
selves, neglecting glutamate-mediated effects on TME. In this study, 
we proved that glutamate stimulation could inhibit the cell-killing ef-
fects of neutrophils, during which STAT3 activation was possibly in-
volved. Glutamate generally exerts biological functions by binding to 
GluRs or iGluRs.2 Abnormal activations of GluRs/iGluRs are respon-
sible for tumor development.48,49  The glutamate mediated path-
ways, such as GluRs/β-arrestin/STAT3 and iGluRs/Ca2+/STAT3,50,51 
are possible mechanisms for explaining neutrophil or other immune 
cell modulation in TME.

The origins and relationships between neutrophils and MDSCs 
in TME are still debatable.52 Recently, it was reported that the 
overexpression of LOX-1, ARG, and FATP2 are possible molecules 
to distinguish them.18,53,54 However, some researchers believe 
that MDSCs represent polarized immature neutrophils,55  making 

F I G U R E  5  Immunofluorescence and western blot (WB) analysis of ADP-ribosylation factor 4 (ARF4)/Ras-related GTP-binding protein 
10 (RAB10)/signal transducer and activator of transcription 3 (pSTAT3) on neutrophils. Blood-derived neutrophils were treated with/
without glutamate (100 μM) for 24 h. (A) Triple immunostaining of neutrophils. Green, LY6G; red, specific proteins (ARF4/RAB10/
pSTAT3); blue, nucleus. Scale bar, 100 μm. (B) WB analysis of ARF4/RAB10/pSTAT3 expression on blood-derived neutrophils treated with 
gradient glutamate (0, 25, and 100 μM) for 24 h. In LLC-tumor bearing mice, neutrophils were collected from blood and tumor tissues. (C) 
WB analysis of ARF4/RAB10/pSTAT3 expression on neutrophils isolated from blood and tumor tissues. β-Actin was detected as loading 
control. (D) Quantifications of target proteins in (B) compared to loading control. */**Differences between glutamate and control group. (E) 
Quantifications of target proteins in (C) compared to loading control. */**Differences between blood and tumor group. n = 3
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it possible for cell reprogramming and transformation mediated by 
surroundings.54  Others argue that neutrophils are a separate cell 
lineage of MDSCs, in which activation and recruitment are differ-
ent.56 Even though the origins and relationships between them are 
controversial, the functions and phenotypes of tumor-associated 
neutrophils are well-defined. Based on the effect of neutrophils 
toward tumor cells, two neutrophil subtypes are introduced.18 The 
N1  subset represents those neutrophils that are recruited to kill 
tumor cells by H2O2 secretion and myeloperoxidase granule trans-
fer,12,13 and N2 cells are capable of facilitating tumor growth in a 
TGF-β or ARG-dependent manner.18  The tumorigenesis generally 
transformed N1 into the N2 cell type by reshaping TME.10,11,57 
Here we proved that tumor cell-released glutamate was one of the 
factors that drove this transformation. The inductions of pSTAT3, 
ARF4, and RAB10 mediated by glutamate are possible molecules to 
distinguish N1 and N2 combined with other markers, such as LOX-1, 
ARG, and FATP2.

Riluzole has been approved by the FDA for amyotrophic lateral 
sclerosis treatment.32,58 Interestingly, riluzole also shows obvious 

inhibitory effects on several types of cancers.17,33,35 Apart from 
the direct inhibitory effects on tumor cells, riluzole was deduced 
to inhibit tumor growth by modulating immune cells in TME as ri-
luzole did not show significantly inhibitory effects in SCID-tumor 
bearing mice (T and B cell deficiency).17,34 Here, we confirm that 
riluzole restores neutrophil cell-killing effects and CD8+ T cell 
proliferation in TME. This action is mainly attributed to inhibition 
of glutamate release in TME instead of direct effects on immune 
cells. Apart from tumor cells, T cells and macrophages are also the 
source for glutamate in TME.,59,60 It needs to be verified in the 
future whether these immune cells could influence the expansion 
and polarization of neutrophils by regulating glutamate secretion 
and reuptake.

Collectively, our data indicate that glutamate is a crucial 
tumor-released AA for TME. During this process, induction of 
STAT3, ARF4, and RAB10  mediated by glutamate embodies the 
neutrophil immunosuppressive phenotype. Glutamate release in-
hibitor riluzole dramatically blunts neutrophil transformation by 
reducing glutamate abundance in TME. Therefore, glutamate is an 

F I G U R E  6  Flow cytometry analysis of immune cell subsets in tumor tissues. LLC tumor-bearing mice were treated with/without 
riluzole (18 mg/kg) for five injections. FACS was used to analyze the components of specific immune cells in tumor tissues. (A) Neutrophil 
infiltration (CD45+CD11b+LY6G+) in tumors in LLC-bearing mice treated with or without riluzole. n = 5. (B) These data were quantified as 
the percentage of MDSCs in CD45+ cells. (C) Flow cytometry analysis of pSTAT3 levels in neutrophils isolated from blood and tumors of 
LLC-bearing mice treated with or without riluzole. n = 5. (D) Quantification of pSTAT3 percentage in neutrophils. (E) Flow cytometry CD4+ 
(CD45+CD4+) and CD8+ (CD45+CD8+) T cells in tumors in LLC-bearing mice treated with or without riluzole. n = 5. (F) Quantitative analysis 
of the number of CD4+ and CD8+ T cells in tumors. (G) Flow cytometry regulatory T (Treg) (CD4+FOXP3+) cells in tumors in LLC-bearing 
mice treated with or without riluzole. n = 5. (H) Quantitative analysis of the number of Tregs in tumors. Control, LLC-bearing mice without 
riluzole treatment. *p < 0.05 between two groups; **p < 0.01 between two groups. NS, not significant
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important immunosuppressive AA for neutrophil transformation. 
Targeting glutamate metabolism could improve immunotherapy 
for cancer patients.
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