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Abstract
Immune cell activation occurs concurrently with metabolic reprogramming. As important components of the tumor microen-
vironment, monocytic myeloid-derived suppressor cells (M-MDSCs) are featured by their potent immunosuppressive abilities 
on anti-tumor effector cells. However, little is known about the contribution of metabolic adaptations to their suppressive 
roles. In this study, we found that tumor-infiltrating M-MDSCs had the same phenotype with splenic M-MDSCs. Compared 
with splenic M-MDSCs, tumor-infiltrating M-MDSCs exhibited stronger suppressive activities which was accompanied by 
higher glycolysis. Inhibition of glycolysis impaired the suppressive function of tumor M-MDSCs. Meanwhile, the results 
demonstrated that mTOR was responsible for this function regulation. mTOR inhibition by rapamycin decreased the glyco-
lysis and reduced the suppressive activities of these cells. Furthermore, rapamycin treatment inhibited the tumor growth and 
reduced the percentage of M-MDSCs in 3LL tumor bearing mice. These results demonstrated that modulation of metabolism 
in immune cells can be an effective way to enhance anti-tumor effects.
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Abbreviations
2-DG  2-Deoxy-d-glucose
2NBDG  2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) 

amino)-2-deoxyglucose
Arg1  Arginase I

ECAR   Extracellular acidification rate
Eno1  Enolase 1
FMO  Fluorescence minus one
HK2  Hexokinase 2
Glut1  Glucose transporter 1
Gpi  Glucose-6-phosphate isomerase
LC/MS  Liquid chromatography–mass spectrometry
Ldha  Lactate dehydrogenase A
Mct4  Monocarboxylate transporter 4
mTOR  Mammalian target of rapamycin
NOS2  Nitric oxide synthase 2
OCR  Oxygen consumption rate
PD-L1  Programmed death ligand 1
Pkm2  Pyruvate kinase muscle isozyme
TCA cycle  Tricarboxylic acid cycle
Tpi  Triosephosphate isomerase

Introduction

Myeloid-derived suppressor cells (MDSCs) are a hetero-
geneous regulatory cell population featured by their mye-
loid origin, immature state and remarkable immunosup-
pressive functions. MDSCs are comprised of monocytic 

Yuting Deng and Jiao Yang contributed equally to this manuscript 
and should be considered as co-first authors.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s0026 2-018-2177-1) contains 
supplementary material, which is available to authorized users.

 * Yiwei Chu 
 yiweichu@fudan.edu.cn

1 Department of Immunology, School of Basic Medical 
Sciences, Fudan University, 138 Yi Xue Yuan Road, 
Shanghai 200032, People’s Republic of China

2 Biotherapy Research Center, Fudan University, Shanghai, 
China

3 Department of Digestive Diseases, Huashan Hospital, Fudan 
University, Shanghai, China

4 Department of Systems Biology for Medicine, School 
of Basic Medical Sciences and Institute of Biomedical 
Sciences, Fudan University, Shanghai, China

http://orcid.org/0000-0002-5035-1111
http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-018-2177-1&domain=pdf
https://doi.org/10.1007/s00262-018-2177-1


1356 Cancer Immunology, Immunotherapy (2018) 67:1355–1364

1 3

(M-MDSC, with a phenotype  CD11b+Ly6ChighLy6G−) 
and polymorphonuclear (PMN-MDSC, with a phenotype 
 CD11b+Ly6CintLy6G+) subpopulations which are distin-
guished phenotypically and morphologically [1, 2]. On a 
per cell basis, M-MDSC is more suppressive compared with 
PMN-MDSC and is the dominant immunosuppressive subset 
[3]. As one of the major suppressive stromal cell populations 
in the tumor microenvironment, MDSCs not only suppress 
antitumor immune response and protect tumor cells from 
chemotherapy and radiotherapy [4], but also induce the pro-
duction of regulatory T cells, and secrete immunosuppres-
sive molecules such as IL-10 and TGF-β, further strengthen-
ing the suppressive microenvironment [5–8].Thus, blocking 
the immunosuppressive activity of M-MDSCs would be an 
effective way to greatly improve the efficacy of tumor immu-
notherapy [9–13].

Available data showed that MDSCs’ functions in the 
peripheral lymphoid tissue were different from that in tumors 
[14]. Gabrilovich et al. demonstrated that tumor-infiltrating 
MDSCs expressed higher HIF-1α and were more suppres-
sive than splenic MDSCs via upregulation of Arginase and 
NOS2 [15]. Rodriguez et al. found that tumor-induced stress 
reinforced the suppressive activity of MDSCs in tumor [16]. 
These results suggested that tumor M-MDSCs and splenic 
M-MDSCs may use different mechanisms to regulate their 
suppressive activities. It is well known that MDSCs can 
produce many enzymes such as Arg1 (arginase I) and IDO 
(indoleamine 2,3-dioxygenase) to modulate amino acid 
metabolism to regulate the functions of other cells [17–19]. 
But little is known about how metabolic activities in MDSCs 
influence the functions of MDSCs themselves.

As one of the most important energy sources in organ-
isms from bacteria to humans, glucose plays an indispensa-
ble role in physiological as well as pathological processes. 
Glucose metabolism regulation may influence the function 
of cancer cells as well as immune cells. Sukumar et al. found 
that inhibiting glycolytic metabolism enhanced CD8 + T cell 
memory and antitumor function [20–22]. However, little is 
known about the glucose metabolism in MDSCs.

In this study, we aim to elucidate the differences of glu-
cose metabolism pathways used by the M-MDSCs in differ-
ent tissues but with the same phenotype, and identify new 
therapeutic targets specific to tumor M-MDSCs to enhance 
antitumor immune response.

Materials and methods

Tumor model

1 × 106 3LL tumor cells were inoculated subcutaneously into 
the C57BL/6 mice at 8–10 weeks of age. Mice were killed 
15 days after inoculation. Spleens and tumors were excised 

and made into single cell suspension. Cells were labeled 
with cell surface markers for flow cytometry detection.

Cell culture

T cells were cultured in RPMI 1640 medium supplemented 
with 10% heat-inactivated fetal bovine serum (Gibco), 
20 mM L-glutamine (Gibco), 100units/mL penicillin–strep-
tomycin (Gibco), 100 mM HEPES (Gibco) and 10 mM 
sodium pyruvate (Gibco). For suppression assays, T cells 
were activated by plate-bound anti-CD3 antibody (5 µg/mL) 
and soluble anti-CD28 antibody (2 µg/mL) in flat-bottom 
48-well plates. For the glucose uptake assays, MDSC were 
cultured in RPMI 1640 supplemented with 10% heat-inac-
tivated fetal bovine serum. For coculture assays of MDSC 
and T cells, T cell culture media were used. Both T cells and 
MDSC were incubated at 37 °C in 5%  CO2.

Flow cytometry

Antibodies anti-CD45 (48–0451,25–0451, ebioscience), 
anti-CD11b (11–0112, ebioscience), anti-Ly6C (25-5932,12-
5932, ebioscience), anti-IL-6 (48-7061, ebioscience), anti-
IL-10 (12-7101, ebioscience), anti-TGF-β (565638, BD 
Pharmingen™), anti-CD69 (11–0691, ebioscience), anti-
Glut1 (ab115730, abcam), anti-Ly6G (560599, BD Pharmin-
gen™), and anti-IFN-γ (554413, BD Pharmingen™) were 
used for flow cytometry according to the manufacturers’ 
instructions.

Quantitative RT‑PCR

Total RNA was prepared using RNAiso reagent (9109, 
Takara) and first-strand cDNA was synthesized using Prime-
Script ™ RT reagent kit with gDNA Eraser (RR047, Takara) 
following the instructions of the manufacturer. Real-time 
PCR was conducted on Applied Biosystems® 7500(Ther-
moFisher, America) using SYBR Green reagent (RR820A, 
Takara). Gene expression was normalized to actin using 
2-∆∆CT method. All primer sequences are listed in supple-
mentary table 1.

T cell and MDSC isolation

T cells were isolated from spleen of WT C57/B6 mice 
by MACS using EasySep™ Mouse T cell isolation kit 
(19851, Stem Cell). To isolate splenic M-MDSCs and 
tumor M-MDSCs, single cells from spleen and tumor of 
3LL tumor-bearing mice were labeled with the cell surface 
markers for M-MDSCs, defined as  CD45+CD11b+Ly6Chigh 
and  Ly6G−. Splenic M-MDSCs and tumor M-MDSCs were 
sorted by FACS (Moflo, Beckman Coulter). The purity of 
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T cells was greater than 90% while the purity of M-MDSC 
was greater than 95%.

Western blot

MDSCs were sorted and lysed in RIPA buffer (9806, CST), 
supplemented with protease inhibitors and phosphatase 
inhibitors (04906845001, Roche) and then centrifuged in a 
microcentrifuge at 12,000g for 15 min at 4 °C to collect the 
supernatant. The concentration of cleared lysate was deter-
mined by the Bradford protein assay reagent (Bio-Rad, USA) 
and 30 µg of protein was separated by SDS-polyacrylamide 
gel electrophoresis (PAGE) after boiling for 15  min in 
1 × SDS loading buffer (P0015L, Beyotime Biotechnology) 
at 80 V for 30 min and followed by 120V for 1 h. The pro-
teins were then transferred to a polyvinylidene difluoride 
membrane (0.2um, Millipore, USA) by a transfer appara-
tus at 300 mA for 2 h. The membrane was blocked with 
5% non-fat dry milk for 1 h before incubation with primary 
antibodies. After incubation of primary antibodies over-
night at 4 °C, membranes were incubated with horseradish 
peroxidase-conjugated secondary antibody (CST 7074 anti-
rabbit IgG, HRP-linked antibody) and were visualized using 
an enhanced chemiluminescence reagent (34095, Thermo 
Pierce). The primary antibodies were β-actin (M1210-5, 
Huaan), Akt antibody (9272, CST), phospho-Akt (Ser473) 
antibody (4058, CST), phospho-NF-κB p65 (Ser536) anti-
body (3033, CST), NF-κB p65 antibody (8242, CST), 
phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody 
(4370, CST), p44/42 MAPK (Erk1/2) antibody (4695, CST), 
phospho-p38 MAPK (Thr180/Tyr182) antibody (4511, 
CST), p38 MAPK antibody (9212, CST), phospho-SAPK/
JNK (Thr183/Tyr185) antibody (9251, CST), SAPK/JNK 
antibody (9252, CST) and mTOR (2972, CST).

CFSE assay

Flat-bottom plates were coated with 100 µL per well (96-
well plate) of CD3 (e06299-1631, ebioscience) at 5 µg/
mL concentration overnight at 4 °C. T cells were labeled 
with 5 µM CFSE (ThermoFisher) and cocultured with the 
M-MDSC at the indicated ratio for 3 days in 37 °C. T cell 
culture was supplemented with CD28 (e06392-1633, ebio-
science) at 2 µg/mL concentration.

Glucose uptake assay

2NBDG (N13195, ThermoFisher) was used as a fluorescent 
indicator to directly measure glucose uptake. For in vitro 
assay, M-MDSCs were sorted and incubated with 100 µg/
mL 2NBDG in 37 °C for 2 h and detected by FACS. For 
in vivo assay, mice were killed after injection of 200 µg 
2NBDG for 4 h. Spleens and tumors were excised and made 

into single-cell suspension. Spleen M-MDSCs and tumor 
M-MDSCs were detected after staining with certain cell 
surface markers.

Metabolomic analysis by liquid chromatography–
tandem mass spectrometry (LC/MS)

Chromatographic separation of targeted glycolytic and TCA 
intermediates was performed based on the methods of Hin-
der et al. (2012) [23]. Briefly, hydrophilic interaction liq-
uid chromatography was performed using a Phenomenex 
Luna NH2 column (5 µm, 50 × 2.0 mm) on a SHIMADAZU 
LC20AB coupled to an ABSCIEX 4000QTRAP mass spec-
trometer. Mobile phase A was 5 mM ammonium acetate 
in water. Mobile phase B was acetonitrile. The instrument 
was operated in multiple-reaction monitoring (MRM) mode 
using MS/MS transitions previously optimized by analy-
sis of authentic standards. The following parameters were 
implemented: flow rate was 0.3 mL/min, column tempera-
ture 25 °C and injection volume 10 µL. The ratio of each 
metabolite peak area to the closest matching standard was 
calculated. Relative quantification of metabolites was com-
pared by peak intensity using software HemI 1.0 according 
to the instructions.

Statistical analysis

GraphPad Prism 6 software was used for all statistical anal-
yses. The means of two groups were compared using the 
Student’s unpaired t test or unpaired t test with Welch’s cor-
rection. Differences were considered statistically significant 
at p < 0.05.

Results

Tumor M‑MDSC was more suppressive than splenic 
M‑MDSC

Tumor-derived factors promoted the expansion and 
accumulation of MDSCs [24]. To explore the func-
tions of splenic M-MDSCs and tumor M-MDSCs, 
these cells from 3LL tumor-bearing mice were ana-
lyzed and sorted according to the cell surface marker 
 CD45+CD11b+Ly6ChighLy6G− (Fig. 1a). Results of qPCR 
showed that tumor M-MDSCs displayed significantly 
increased expression of suppression-associated genes 
such as Arg1, NOS2 and PD-L1 than splenic M-MDSCs 
(Fig. 1b). Intracellular flow cytometry demonstrated that 
tumor M-MDSCs secreted more suppressive cytokines 
including IL-6, IL-10 and TGF-β than splenic M-MDSCs 
(Fig. 1c). Activated T cells were cocultured with splenic 
M-MDSCs or tumor M-MDSCs to analyze suppressive 
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activity of M-MDSCs, by detecting the expression of activa-
tion markers CD69 and IFN-γ of T cells, and also their pro-
liferation (Fig. 1d). Results showed that tumor M-MDSCs 
expressed more suppressive factors than splenic M-MDSCs, 
and T cells cocultured with tumor M-MDSCs expressed 
lower activation markers and proliferated slower than those 
cocultured with splenic M-MDSCs. These results dem-
onstrated that tumor M-MDSCs had stronger suppressive 
activities as shown by the upregulation of Arg1, NOS2 and 
PD-L1, as well as increased suppression on activated T cells.

Increased glycolysis was observed in tumor M‑MDSC

We aimed to find out the distinguishing characteristics of 
glucose metabolism between splenic M-MDSC and tumor 
M-MDSC and determine whether they could regulate the 
suppressive effects of these cells. Glycolysis is the first step 
of the glucose catabolism and is almost the universal path-
way that converts glucose into pyruvate. Results showed 
that tumor M-MDSCs displayed a significantly increased 

expression of genes associated with glycolysis, including 
Glut1, Hk2, Gpi, Tpi, Eno1, Pkm2, Ldha and MCT4 (Fig. 2a, 
b). Furthermore, both in vitro (Fig. 2c) and in vivo (Fig. 2d) 
studies showed that, compared with splenic M-MDSCs, 
tumor M-MDSCs had a remarkably increased absorption of 
2NBDG, a fluorescent indicator to measure glucose uptake. 
LC/MS (liquid chromatography–mass spectrometry) was 
used to analyze glucose metabolites and the results showed 
that tumor M-MDSC had more glucose metabolites than 
splenic M-MDSC. (Fig. 2e).

mTOR phosphorylation level was high in tumor 
M‑MDSC

As a basic activity of cells, glycolysis is regulated by many 
pivotal signaling pathways, which helps to control the meta-
bolic processes by molecular modifications step by step. We 
hypothesized a causality between upregulated glycolysis of 
tumor M-MDSCs and increased activation of signaling path-
ways relating to their suppressive activities. To our surprise, 

Fig. 1  Tumor M-MDSCs were more suppressive than splenic 
M-MDSCs. a Gating strategy to identify tumor M-MDSC. It is the 
same with splenic M-MDSC. b Quantitative RT-PCR analysis of 
suppression-associated genes Arg1, NOS2 and PD-L1. c IL-6, IL-10 
and TGF-β expression of tumor M-MDSCs and splenic M-MDSCs. 
d  CD3+ T cells were isolated by MACS and cocultured with tumor 
M-MDSCs and splenic M-MDSCs, respectively, in a 48-well plate 

precoated with anti-CD3 (5 µg/mL) and anti-CD28 (2 µg/mL). CD69 
and IFN-γ expression of  CD3+T cells were measured 24 h later and 
proliferation of T cells labeled with CFSE was measured 72 h later 
(M-MDSC: T ratio = 1:4). Data are pooled from three independ-
ent experiments each with 3–5 mice and expressed as mean ± SEM. 
*P < 0.05; **P < 0.01; ***P < 0.001
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western blot showed that tumor M-MDSC had dramatically 
lower phosphorylation of Akt and MAPK pathway including 
ERK1/2, JNK and p38 than splenic M-MDSCs (Fig. 3a). 
However, we found that although many crucial signaling 
pathways were downregulated in tumor M-MDSCs, while 
mTOR, which was the target of rapamycin and one of the 
key nutritional sensors at the cellular and organismal levels, 
was upregulated (Fig. 3b). mTOR phosphorylation was also 
upregulated (Fig. 3c).

Suppressive activity of tumor M‑MDSC 
was dependent on glycolysis

There are increasing evidences suggesting that mTOR is 
crucial for many major cellular behaviors such as survival, 
growth and aging, but how mTOR inhibition influences 
the physiology and suppressive function of MDSCs, espe-
cially tumor M-MDSCs, has not been extensively inves-
tigated. So, we explored the effects of mTOR inhibition 
on the functions of tumor M-MDSCs sorted from tumor 
tissue. Results showed that genes associated with glycoly-
sis (Fig. 4a) and inhibitory molecules including Arg1 and 

PD-L1 (Fig. 4b) of tumor M-MDSCs were significantly 
downregulated after rapamycin treatment. Rapamycin pre-
treatment reduced the expression of Glut1 (Fig. 4c) and the 
absorption of 2NBDG (Fig. 4d). Rapamycin pretreatment 
also reduced their suppressive effects on T cells, resulting 
in enhanced T cell proliferation and upregulation of CD69 
and IFN-γ expression (Fig. 4e). Because of the extensive 
role of mTOR in regulating cellular basic activities [25], 
we used 2-DG, which was the well-characterized glyc-
olytic inhibitor via targeting the hexokinase, to test the 
effects of glycolysis inhibition on the suppressive func-
tions of tumor M-MDSCs. After treatment of 2-DG for 
24 h, tumor M-MDSCs were washed and cocultured with 
activated CFSE-labeled T cells. Similar results that sup-
pressive effects of tumor M-MDSCs treated with 2-DG 
were also decreased, manifesting by decreased suppres-
sive molecules and enhanced activation of cocultured T 
cells were obtained (supplementary Fig. 1). However, 
observed cardiac side effects (prolongation of the Q–T 
interval in the heart’s electrical cycle) in a clinical trial 
of this reagent limit its further clinical use [26]. On the 
contrary, rapamycin was approved by the US Food and 

Fig. 2  Tumor M-MDSCs 
have higher glycolysis than 
splenic M-MDSCs. a Quan-
titative RT-PCR analysis of 
glycolysis-associated genes 
including Glut1, Hk2, Gpi, 
Tpi, Eno1, Pkm2, Lhda and 
Mct4. b Cell surface Glut1 
levels of tumor M-MDSCs 
and splenic M-MDSCs were 
detected by flow cytometry. 
2NBDG incorporations of 
tumor M-MDSC and splenic 
M-MDSC were tested c in vitro 
and d in vivo. e LC/MS was 
used to detect the glycolytic 
metabolites and relative expres-
sions were shown with heat map 
analyzed by hemI 1.0. Lines 
1, 2 and 3 were metabolites of 
splenic M-MDSCs while lines 
4, 5 and 6 were metabolites of 
tumor M-MDSCs. Full name of 
these metabolites are listed in 
supplementary table 2. FMO, 
Fluorescence Minus One. Data 
are from one experiment each 
with 3–10 mice and expressed 
as mean ± SEM. *P < 0.05; 
**P < 0.01; ***P < 0.001
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Drug Administration to prevent organ transplant rejection. 
Its safety has been demonstrated in clinical use [27–29].

Glycolysis inhibition in vivo reduced the tumor 
growth and the suppressive activity of tumor 
M‑MDSC

We next investigated whether rapamycin treatment reduced 
the tumor growth. Rapamycin were injected in situ with 
indicated time (Fig. 5a). 16 days later, mice were killed and 
tumors were harvested. We observed that rapamycin signifi-
cantly reduced the tumor weight (Fig. 5b). There are also 
significant differences in size and tumor M-MDSC popu-
lation when tumors were larger. (Supplementary data 2). 
To elucidate the effects of rapamycin on tumor M-MDSC, 
M-MDSCs in tumor were analyzed. We found that per-
centage of M-MDSCs in tumor was declined (Fig.  5c). 
Glut1 expression (Fig. 5d) and the absorption of 2NBDG 
(Fig. 5e) of tumor M-MDSC were also downregulated in 
rapamycin-treated group, indicating that rapamycin reduced 
the glycolysis of tumor M-MDSC. Suppression-associated 
genes such as Arg1, NOS2 and PD-L1 were also detected 
by flow cytometry. Results showed that rapamycin signifi-
cantly reduced the expression of Arg1, PD-L1 but not NOS2 
(Fig. 5f). We also detected the expression of cytokines 
including IL6, IL-10 and TGF-β after rapamycin treatment. 
We observed that rapamycin decreased the expression of 

these cytokines but there is no statistically significant differ-
ence in our experiments (supplementary Fig. 3). We thought 
this phenomenon may be due to the diverse sensitivities to 
rapamycin between different suppressive factors of tumor 
M-MDSC.

Discussion

Here, we report that tumor M-MDSCs exhibit higher gly-
colytic rate and higher suppressive activities but dramati-
cally lower phosphorylation of crucial signaling pathways 
including Akt and MAPK than splenic M-MDSCs. Instead, 
mTOR phosphorylation of tumor M-MDSC was upregu-
lated. Inhibition of mTOR phosphorylation reduced the 
suppressive activity of tumor M-MDSCs and limited tumor 
growth. These observations are rather surprising because 
Akt and MAPK pathways are often aberrantly activated in 
cancer cells, which can lead to higher metabolic activities 
and contribute to tumor cell survival, tumorigenesis as well 
as metastasis [30]. Protein kinases play an important role 
in the activation of key components in signal transduction 
pathway, which makes their inhibitors promising for cancer 
therapy. However, there are still lots of patients failing to 
respond to treatment of kinase inhibitors [31]. As impor-
tant suppressive cells in the tumor microenvironment, tumor 
M-MDSCs often contribute to chemotherapy or radiotherapy 
resistance. Our results showed that tumor M-MDSC exhib-
ited stronger suppressive activities and increased glucose 
metabolism than splenic M-MDSC. But some of the cru-
cial signal pathways were actually less activated in tumor 
M-MDSC. These findings indicate that certain pathways 
may not play important roles in the activities of tumor 
M-MDSC and inhibitors targeting these pathways may be 
unable to inhibit functions of these cells, which may result 
in resistance of cancer therapy.

Hossain et al. reported that tumor MDSCs increased fatty 
acid uptake and FAO (fatty acid β-oxidation) accompanied 
by an increase in both OCR (oxygen consumption rate) and 
ECAR (extracellular acidification rate) [32]. But the molecu-
lar pathways to regulate glucose metabolism, as well as the 
potential implication for the development of targeted thera-
peutics, remain unclear. Wu et al. showed that rapamycin 
significantly inhibited M-MDSC immunosuppressive func-
tion via iNOS pathway. Most of their results were focused 
on the peripheral MDSCs or cytokine-induced MDSCs [33]. 
Therefore, whether glucose metabolism is involved in tumor 
M-MDSCs’ function and the specific mechanisms of its reg-
ulation still needs more investigation. In this study, mTOR 
expression was demonstrated as a distinguishing character-
istic between tumor M-MDSC and splenic M-MDSC, and 
may at least partially contribute to the enhanced function of 

Fig. 3  Tumor M-MDSCs downregulated Akt, NF-κB and MAPK but 
upregulated mTOR a Activation of Akt, NF-κB and MAPK pathways 
and b mTOR expression of tumor M-MDSCs and splenic M-MDSCs 
were detected by western blot. c mTOR phosphorylation was detected 
by flow cytometry. Data are pooled from three independent experi-
ments each with three mice and expressed as mean ± SEM. *P < 0.05; 
**P < 0.01; ***P < 0.001
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tumor M-MDSC. However, factors upregulating the mTOR 
activity of tumor MDSCs remain unknown.

Rapamycin is considered an inducer of autophagy, and it 
is possible that by blocking glycolysis the cells would seek 
to preserve themselves via another means. Lin et al. found 
that autophagy decreased the level of glycolysis through 
ubiquitin-mediated selective degradation of HK2, a key 
enzyme in glycolysis, which demonstrated that glycolytic 
activity was negatively correlated with autophagy level in 
liver cancer. Their investigation also indicated that impaired 
autophagy contributed to substantial concomitant enhance-
ment of glycolysis [34]. According to the results of Lin et al., 
elevated autophagy level may decrease the glycolysis. On the 
contrary, high level of glycolysis may be accompanied by 
low level of autophagy. Tumor M-MDSC had higher glyco-
lysis level compared with splenic M-MDSC, which indicated 
that tumor M-MDSC may have the lower level of autophagy 
than splenic M-MDSC. Autophagy has closely relationship 
with glycolysis. In this study, we cannot exclude the pos-
sibility that rapamycin promoted the autophagy of MDSC. 

Furthermore, we speculated that enhancement of autophagy 
induced by rapamycin may be responsible for the glycolysis 
decrease of M-MDSC, which was in accordance with our 
results that rapamycin inhibited the glycolysis and reduced 
the suppressive activities of M-MDSC.

In this study, rapamycin reduced Arg1 and PD-L1 but 
not NOS2. The expression of inducible nitric oxide syn-
thase (NOS2) is complex and is regulated by many different 
compounds including Toll-like receptors such as bacterial 
lipopolysaccharide (LPS) and stimulatory cytokines such as 
interferon-g (IFN-g), interleukin-1β(IL-1β), interleukin-6 
(IL-6), tumor necrosis factor-a(TNF-a). These molecules 
induced NOS2 expression through different signaling path-
ways. According to the previous reports, there are many 
transcription factors involved in NOS2 expression includ-
ing NF-κB, IRF-1, AP-1, C/EBP. Transcription factors 
bind to the promoter region to regulate the mRNA expres-
sion. Despite of the promoter activity, NOS2 mRNA and 
protein stability are also regulated by many pathways. Due 
to the complexity of NOS2 induction, different activators/

Fig. 4  Rapamycin inhibited the glycolysis and reduced the suppres-
sive ability of tumor M-MDSCs. a Quantitative RT-PCR analysis of 
glycolysis-associated genes including Glut1, Hk2, Gpi, Tpi1, Eno1, 
Pkm2, Lhda and Mct4 and suppression-associated genes b Arg1, 
NOS2 and PD-L1 of tumor M-MDSCs after treatment of rapamycin 
for 24 h. c Tumor M-MDSCs were isolated by FACS and treated with 
100 µg/mL rapamycin for 24 h. Glut1 expressions were detected by 
flow cytometry. d 2NBDG incorporations of tumor M-MDSC and 
tumor M-MDSC treated with rapamycin were tested in vitro. e  CD3+ 

T cells were isolated by MACS and cocultured with rapamycin pre-
treated or PBS pretreated tumor M-MDSCs, respectively, in a 48-well 
plate precoated with anti-CD3 (5 µg/mL) and anti-CD28 (2 µg/mL). 
CD69 and IFN-γ expressions of  CD3+T cells were measured 24  h 
later and proliferation of T cells labeled with CFSE was measured 
72  h later (M-MDSC: T ratio = 1:4). Data are pooled from three 
independent experiments and expressed as mean ± SEM. *P < 0.05; 
**P < 0.01; ***P < 0.001
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inhibitors for one specific signal pathway often resulted in 
controversial data because of the cell type and species speci-
ficity. One of the possible reasons is that mTOR may not 
be the most important key regulator responsible for NOS2 
expression of M-MDSC in this model. NOS2 expression and 
degradation may be regulated by other pathways. Another 
possibility is that rapamycin influenced the expression of 
NOS2 but there are compensatory signal transduction path-
ways neutralizing the effects of rapamycin. However, we 
still need more investigation to illuminate the exact rea-
sons why rapamycin had no effects on NOS2 expression 
in M-MDSC. We also found that metabolites produced by 
both glycolysis and TCA cycle (tricarboxylic acid cycle) 
were increased in tumor M-MDSCs, which suggests a pos-
sibility that tumor M-MDSCs systemically upregulate their 
nutrition metabolism to support the suppressive activities of 
these cells. Because TCA cycle is a series reactions used by 
cells to release energy through the oxidation of acetyl-CoA 
derived from carbohydrates, fats and proteins into carbon 
dioxide [35]. Thus, more studies are needed to determine 
the mechanisms behind the phenomenon observed in this 
research. However, this study suggests a promising tactic 
to target both the cancer cells and the metabolism of tumor 

M-MDSCs to enhance antitumor effects. Furthermore, this 
study emphasizes the significance of studying immune cell 
metabolism because cells with the same phenotype may 
have diverse functions resulted from different metabolic pat-
terns in specific microenvironment. A recent study found 
that inhibition of STAT3 resulted in depletion of MDSC in 
spleen but not in tumor, which also demonstrates the differ-
ence between tumor MDSC and splenic MDSC [36]. Most 
studies of MDSCs were focused on the peripheral MDSCs 
or MDSCs induced by cytokines because of the technical 
difficulties to isolate MDSC from tumor tissue. This study 
also implies that we should be cautious when trying to 
interpret the functions of MDSCs by in vitro experiments. 
Because MDSCs induced in vitro by different methods may 
not resemble closely enough the cells isolated from tumor-
bearing hosts.

In summary, we find the suppressive activities of tumor 
M-MDSCs are associated with their glycolysis, and mTOR 
pathway plays a crucial role in this process, which further 
illuminates the molecular and cellular mechanisms to use 
rapamycin for cancer therapy and support the possibility to 
combine rapamycin with conventional therapies to enhance 
anti-tumor effects. These results may shed new light on 

Fig. 5  Glycolysis inhibition reduced the tumor growth. a C57BL/6 
mice were implanted with 1 × 106 3LL tumor cells and treated with 
10 µg rapamycin (solved in 2% DMSO + 30% PEG 300 + 5% Tween 
80 + ddH2O) in situ every 2 days for five 5 times from day 3 when the 
tumors were palpable. Tumor areas were monitored every 2 days. b 
Tumor weight was compared between the control group (treated with 
2% DMSO + 30% PEG 300 + 5% Tween 80 + ddH2O) and rapamycin-

treated group. c Percentage of tumor M-MDSC was detected. d Glut1 
expression and e 2NBDG incorporation of tumor M-MDSC from 
control group and rapamycin-treated group were detected by flow 
cytometry. f Arg1, NOS2 and PD-L1 expressions of tumor M-MDSC 
from control group and rapamycin-treated group were detected by 
flow cytometry. Data are pooled from three independent experiments 
and expressed as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001
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development of new therapeutics against cancer by modu-
lating metabolism of immune cells.
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