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Background/aims: Patients with glioblastoma multiforme (GBM) that is the most common

brain cancer in adults have a rather poor prognosis. The accumulation of immune suppressive

myeloid-derived suppressor cell (MDSC) is negatively associated with clinical outcomes in

various cancers. A recent study identified that lectin-type oxidized LDL receptor 1 (LOX-1)

may serve as a specific marker of human polymorphonuclear neutrophil (PMN)-MDSC.

Thus, herein we focused on exploring the role of LOX-1+ PMN-MDSC in GBM

progression.

Methods: LOX-1, IFN-γ, dichlorodihydrofluorescein diacetate (DCFDA), CD15, CD4 and

CD8 expression levels were examined by flow cytometry. ARG1 and iNOS expression levels

in PMN were examined by quantitative real-time PCR. LOX-1 and CD15 expression levels

in tumor tissue were determined by immunofluorescent microscopy. T cell proliferation was

determined by 3H-thymidine incorporation.

Results: We identified a protumorigenic subset of PMN, which constitutively expressed

LOX-1 and accumulated in the peripheral blood of GBM patients. Compared to LOX-1−

PMN, the LOX-1+ PMN exhibited a PMN MDSC profile, with a significant increase in the

expression of DCFDA, ARG1 and iNOS, and the capacity of inhibiting the CD3+ T cell

proliferation in a dependent-ARG1/iNOS way. Additionally, we found that LOX-1+ PMN

negatively correlated with effector immune cells in GBM patients, accumulated in GBM

tissues, and was related to early recurrence and disease progression tightly.

Conclusion: Our study revealed that LOX-1+ PMN-MDSC inhibited the T cell proliferation

to enhance immune suppression, which may play a key role in driving the GBM progression.

Keywords: MDSC, glioblastoma multiforme, immune suppression

Introduction
Glioblastoma multiforme (GBM) is the most common brain cancer in adults.

Although surgical treatment, radiation, chemotherapy and immunotherapy for

GBM patients have largely advanced in recent years, but the long-term prognosis

of GBM patients remains poor, with a median survival of 14.6 months.1–6 High

levels of immunosuppressive cytokines as well as the accumulation of Treg and

myeloid-derived suppressor cells (MDSC) are two of major hallmarks of the GBM

microenvironment,7–9 and they exert the accelerative effects on tumor progression.

However, the precise roles in GBM progression are not fully understood yet.

Immune evasion is a major characteristic of cancer progression and a potent

barrier to effective cancer immunotherapies.10 The accumulation of pathological
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MDSC with potent immunosuppressive activity usually

occurs in cancer.11,12 Moreover, many studies suggested

that the accumulation of immune suppressive MDSC was

associated with poor prognosis in various cancers.13,14 Up

to date, MDSC is divided into two large populations,

including polymorphonuclear (PMN-MDSC) and monocy-

tic cells (M-MDSC)15 In particular, PMN-MDSC is phe-

notypically and morphologically similar to neutrophils

(PMN),16 and the most abundant population of MDSC in

most types of cancers.17,18 Actually, it is always a puzzle

to distinctly differentiate the PMN-MDSC form PMN in

cancer tissues. Strikingly, a recent study reported that

lectin-type oxidized LDL receptor 1 (LOX-1) may serve

as a specific marker of human PMN-MDSC, and could be

used to specifically identify PMN-MDSC.19 Therefore, in

this study we focused on exploring the role of LOX-1+

PMN-MDSC in GBM progression.

Materials and methods
Processing of PB cells
Samples of PB were collected from patients Gansu

Provincial Hospital. The study was approved by

Institutional Review Boards of Gansu Provincial Hospital.

All patients signed approved consent forms. Heparinized

PB derived from GBM patients and the healthy subjects.

Fifteen patients (13 men and 2 women) along with age

and sex-matched controls were enrolled in this study

(Table 1). Whole blood was enriched for PMNs using

MACSxpress® Neutrophil Isolation Kit (Miltenyi) based

on the protocol from the manufacturer. Cells were labeled

using anti-Lox1-PE mAb (Biolegend) and then separated

with anti-PE beads and MACS column (Miltenyi).

Mixed lymphocyte reaction
The isolation of CD4+ or CD8+ T cells from the PBMC

of the same patients as LOX-1+ PMN was performed

using human CD4+ or CD8+ T Cell Enrichment

Column Kit (Miltenyi). PMNs were plated at different

ratios with 105 T cells in a 96-well plate and then we

added 1 μg/mL of soluble anti-CD3 (clone UCHT1;

eBioscience) and 1Lμg/ml of anti-CD28 (clone CD28.2;

eBioscience) into each plate. T cell proliferation was

evaluated after 3-day culture using thymidine uptake. In

parts of experiments, we added 1 μM NAC (Sigma) or

20 μM of Nω- hydroxy-nor-arginine (nor-NOHA; sigma)

into the culture condition to block ROS or arginase I

activity, respectively.

RNA isolation and quantitative real-time

PCR
The isolation of total RNA from PMN was performed

using TRIzol reagent (Takara, Dalian, People'sRepublic

of China). Quantitative RT-PCR was conducted using

Power SYBR Green PCR Master mix (Applied

Biosystems, Shanghai, People'sRepublic of China) in the

Bio-Rad CFX96 Real-Time System. The relative amount

of mRNA was estimated using the comparative threshold

cycle method, in which we chose β-actin as the reference

gene. To analyze the gene expression, we used the follow-

ing primers: ARGI–5ʹ-CTTGTTTCGGACTTGCTCGG-

3ʹ; 5ʹ-CACTCTATGTATGGGGGCTTA-3ʹ, β-actin-5ʹ-CA
CGAAACTACCTTCAACTCC-3ʹ; 5ʹ- CATACTCCTGCT

TGCTGATC-3ʹ, iNOS–5ʹ- CAGCGGGATGACTTTCCA

A-3ʹ; 5ʹ- AGGCAAGATTTGGACCTGCA-3ʹ.

Immunofluorescent microscopy
Samples of cancer and non-cancer tissues were collected

from patients Gansu Provincial Hospital. The study was

approved by Institutional Review Boards of Gansu

Provincial Hospital. All patients signed the approved

consent forms. Cancer and non-cancer tissues were

obtained from 20 GBM patients (Table 2).

Immunofluorescent staining of GBM tissues was carried

out using a two-step protocol. In as brief, sample sections

were incubated at 4°C overnight using anti-human CD15

(CST), and LOX-1 (Life Technologies). The sections

were then incubated for 30 mins at 37°C with a mixture

of primary-antibody matched fluorescently labeled sec-

ondary antibodies.

Flow cytometry
FITC-, PE-or APC-conjugated mouse anti-human

CD45, CD15, CD8, CD4, IFN-γ, DCFDA and DAPI

from BioLegend (San Diego, CA, USA) were applied

Table 1 Demographic and baseline clinical characteristics of

enrolled patients

Characteristic GBM patients Health controls

(n=15) (n=15)

Gender (Male: Female) 11: 456±14.3 11: 4

Age (Mean±SEM) 56±14.3

Abbreviation: GBM, glioblastoma multiforme.
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for flow cytometry assays. The cells were collected and

resuspended in 100 μL of PBS containing 0.1% BSA,

and then stained using specific Abs for 30 mins over

ice. The cells were washed using PBS containing 0.1%

NaN3 and 0.5% BSA, and then fixed in 1% parafor-

maldehyde solution. Analyses were fulfilled using

FACScan and CellQuest software (BD Biosciences

Franklin Lakes, NJ, USA). To perform the intracellular

staining, we added brefeldin A (5 mg/mL; Sigma-

Aldrich) at the last 3 hrs. The cells were collected,

washed and stained with monoclonal-specific antibo-

dies for CD4 and CD8 for 20 mins over ice. After

that, the cells were washed for two times in PBS,

fixed and then permeabilized with fixation/permeabili-

zation solution (eBioSciences, San Diego, CA, USA)

for 15 mins at room temperature. Then, the cells were

washed again and stained using monoclonal antibodies

against IFN-γ for 20 mins at room temperature.

Statistics
Statistical analysis was conducted using a two-tailed

Student’s t-test or Mann–Whitney test when the distribution

of variables was determined. Correlations between para-

meters were estimated using Pearson’s correlation analysis.

Statistical differences were considered as significant when P-

value was <0.05. All statistical calculations were performed

using GraphPad Prism 5 software (GraphPad Software Inc.).

*P<0.05, **P<0.01, ***P<0.001

Results
The upregulation of LOX-1+ PMN

frequency in GBM patients
We collected and labeled cells in peripheral blood (PB)

directly using leucocyte antibody CD45 and granulo-

cyte-specific CD15 antibody, removed the dead cell

interference with DAPI and then evaluated the LOX-1

expression levels among all CD45+CD15+ cells

(Figure 1A). The frequency of LOX-1+ cells among

all PMN in healthy donors was very low (0.58±0.09,

N=15), while in GBM patients it increased to 6.88%

(Figure 1B and C).

The identification of LOX-1+ PMN as a

population of PMN-MDSC in GBM

patient PB
The PMN-MDSC is featured by their capacity of sup-

pressing T cell function. LOX-1− and LOX-1+ PMN

were sorted directly from PB of GBM patients and

used in T cell suppression assay. As shown in Figure

2A, LOX-1+ PMN significantly inhibited the CD4+ T

cell proliferation compared to LOX-1− PMN. The

similar results were observed in CD8+ T cell suppres-

sion assay (Figure 2B). The dichlorodihydrofluorescein

diacetate (DCFDA) expression was determined using

flow cytometry to assess the ROS production, and the

results showed that LOX-1+ PMN had significantly

higher level of ROS production than LOX-1− PMN

(Figure 2C). The expressions of ARG1 and iNOS

were evaluated by qPCR and from the results we

found that iNOS expression level in PMN was much

lower than ARG1 (Figure 2D), and there were signifi-

cantly higher levels of ARG1 and iNOS expression in

LOX-1+ PMN-MDSC than in LOX-1− PMN (Figure

2E). Moreover, our results showed that both N-acetyl-

cysteine (NAC) and catalase significantly abrogated the

suppressive activity of LOX-1+ PMN ( Figure 2F and

G).Conversely, ARG1 inhibitor Nor-NOHA could abol-

ish the suppressive activity of these cells (Figure 2F

and G). Thus, these results confirmed that LOX-1+

PMN indeed represented a population of PMN-MDSC.

Table 2 Baseline features of patients with glioblastoma

Characteristic Number of patients

Age at enrollment:

Median (range), years 58.2 (43–65)

Sex:

Men 16

Women 4

Laterality:

Right 12

Left 8

Tumor crosses midline:

Yes 2

No 18

Dominant location

Frontal 2

Temporal 6

Frontotemporal 6

Parietal 3

Occipital 3

Greatest tumor dimension:

Median (range), cm 3.3 (1.4–7.0)
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The inverse correlation of LOX-1+ PMN

with effector immune cells in GBM

patient PB
To determine the immune suppression function of

LOX-1+ PMN in immune cells, we determine the

association between the proportion of LOX-1+ PMN

and effector T cells in GBM patient PB. The data

revealed that GBM patients with higher proportion of

LOX-1+ PMN had lower proportion of IFN-γ+ CD8+

or CD4+ T cells, whereas those with lower proportion

of LOX-1+ PMN had higher proportion of IFN-γ+ CD8

+ or CD4+ T cells (Figure 3A). The correlation analy-

sis data showed that the proportion of LOX-1+ PMN

was negatively correlated with IFN-γ+ CD8+ or CD4+

T cells (Figure 3B and C).

LOX-1 as a specific biomarker for a

subset of PMN-MDSC in GBM tissues
We collected and labeled cells in cancer tissue directly

using leucocyte antibody CD45 and granulocyte-specific

CD15 antibody, removed the dead cell interference with

DAPI and then evaluated the LOX-1 expression levels

among all CD45+CD15+ cells. As shown in Figure 4A,

GBM tissue had abundant LOX-1+ PMN. Using the

identical method, we sorted LOX-1− and LOX-1+ PMN

directly from the tumor tissue of GBM patients and eval-

uated the suppressive activity of these cells. As the results

showed, LOX-1+ PMN inhibited the CD4+ or CD8+ T

cell proliferation in comparison with LOX-1− PMN

(Figure 4B and C). Additionally, we found that LOX-1+

PMN had significantly higher level of ROS production

(Figure 4D), as well as higher expression of ARG1 and

iNOS than LOX-1− PMN (Figure 4E and F).

The accumulation of LOX-1+ PMN in

GBM tissues and its association with early

recurrence and disease progression
We performed immuno-fluorescence staining using LOX-1

and CD15 antibody to assess the LOX-1 expression levels

of PMN in 23 GBM specimens (paired non-tumor tissues,

and intra-tumor tissues). The results showed that LOX-1+

PMN substantially accumulated in tumor tissues (Figure

5A and B) compared to no-tumor tissues. Importantly,

using 6 months as the cutoff, GBM patients with a higher

frequency of LOX-1+ PMN had early disease recurrence

(Figure 5C). Thus, these findings indicated that LOX-1

selectively enriched in GBM tissues, which may contribute

to early recurrence and disease progression in GBM

patients.
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Discussion
In this study, we identified a protumorigenic subset of

PMN, which constitutively expressed LOX-1 and accumu-

lated in the PB of GBM patients. Compared to LOX-1−
PMN, LOX-1+ PMN highly expressed DCFDA, ARG1

and iNOS, and meanwhile could inhibit the CD3+ T cell

proliferation in a dependent-ARG1/iNOS way. Additionally,

we found that LOX-1+ PMN negatively correlated with

effector immune cells in GBM patients, accumulated in

GBM tissues, and was related to early recurrence and

disease progression closely.

MDSC is a heterogeneous myeloid cell population

including macrophage, granulocyte and other cells that

express both Gr-1 and CD11b in mice.20 However, human

MDSC appears to be more heterogeneous and has not been

well described due to lack of specific markers.21 Generally,

human MDSC does not express Lin and HLA-DR, but

express CD11b and CD3322,23,24 and can be classified into

PMN-MDSC and M-MDSC.25 A recent study revealed that

LOX-1 may be a specific marker of human PMN-MDSC

and LOX-1+ PMN was identified in various cancers includ-

ing melanoma, colon cancer, non-small cell lung cancerand
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head and neck cancer.19 Similarly, we also found that the

LOX-1+ PMN existed in GBM patient PB. Moreover, it

was observed that the LOX-1+ PMN highly expressed

DCFDA, ARG1 and iNOS, and could inhibit CD3+ T cell

proliferation dependent on ARG1 and iNOS, as well as

negatively correlated with effector immune cells in GBM

patients. Thus, it may be reasonable to deduce that LOX-1+

PMN is an unrecognized immunosuppressive PMN-MDSC

population in GBM patients.

High levels of immunosuppressive cytokines and the

accumulation of Treg and MDSC are two major hallmarks

of the GBM microenvironment.7–9 In gliomas, Treg infil-

tration is higher in GBM compared to other grade

astrocytomas.7,26,27 Increased level of peripheral MDSC

has been observed in GBM patients, and monocytes from

healthy donors acquire MDSC characteristics when treated

with conditioned media from GBM cell lines.22,28 In this

study, we firstly identified an unrecognized immunosup-

pressive PMN-MDSC population, LOX-1+ PMN, and

investigated the biological function and clinical relevance

of those cells in GBM patients. Our study showed that

LOX-1+ PMN was enriched in both GBM PB and tissues

GBM patients, exhibited a PMN-MDSC profile, and nega-

tively correlated with prognosis of GBM patients. Thus,

we deduced that LOX-1+ PMN-MDSC may promote

GBM progression through LOX-1+ PMN-induced enhan-

cing immune suppression.

Recent studies have demonstrated that malignant lesions

polarized macrophages and neutrophils within the tumor

microenvironment and redirected them toward tumor-pro-

moting phenotypes.25–27 For the majority of solid tumors,

staging and prognosis are based upon direct tumor biopsies,

which does not take the key information about the tumor

microenvironment into account.28 In addition to surgical

treatment, currently many other therapies including radia-

tion therapy, chemotherapy and/or targeted therapy are also

often utilized to deal with cancer patients alone or with a

combination of surgery,5,29,30 which may affect the tumor

microenvironment dynamically and extensively. Although

neoadjuvant anti-PD-1 immunotherapy has been considered

to improve prognosis in GBM patients,29 quite a part of

cancer patients fail to respond to or quickly show resistance

to this therapy,31 which may be associated with the reestab-

lishment of the tumor microenvironment. In this study, we

found that LOX-1+ PMN could inhibit T cell function, and

was enriched in GBM tissues, suggesting that targeting

LOX-1+ PMN may restore immune function in GBM

patients, and probably improve the therapeutic effectiveness

of neoadjuvant anti-PD-1 immunotherapy.

In summary, we identified a protumorigenic subset of

PMN, which constitutively expressed LOX-1 and accumu-

lated in the PB of GBM patients. Compared to LOX-1−
PMN, the LOX-1+ PMN highly expressed DCFDA,

ARG1 and iNOS, and restricted the CD3+ T cell prolifera-

tion in a dependent-ARG1/iNOS manner. Additionally, we

found that LOX-1+ PMN negatively correlated with effec-

tor immune cells in GBM patients, accumulated in GBM

tissues, and was related to early recurrence and disease

progression. Therefore, our findings revealed that LOX-1+

PMN MDSC inhibited the T cell proliferation to enhance

immune suppression, which may play a key role in driving

the GBM progression.
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Figure 5 LOX-1+ PMN is accumulated in GBM tissues and associated with early recurrence. (A, B) Double immune-fluorescent staining shows the LOX-1 expression (red),

CD15 (green) and co-localization of double-positive cells (yellow) in 20 GBM patient tissue. Representative results are shown in (A). The density of LOX-1+ PMN in patients

and healthy donor are shown in (B). (C) Association between LOX-1+ PMN and early recurrence. Using 6 months as the cutoff, 20 GBM patients were divided into two

groups: recurrence (N=13) and no recurrence (N=7). ***P<0.001.
Abbreviations: LOX-1, lectin-type oxidized LDL receptor 1; PMN, polymorphonuclear neutrophil; GBM, glioblastoma multiforme.
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