
Research Article
Hypoxia-Driven M2-Polarized Macrophages Facilitate Cancer
Aggressiveness and Temozolomide Resistance in Glioblastoma

Ge Zhang ,1 Xiang Tao ,1 Baowei Ji ,1 and Jie Gong 2

1Department of Neurosurgery, Renmin Hospital of Wuhan University, Wuhan, 430060 Hubei, China
2Department of Neurosurgery, General Hospital, Central Theater Command, PLA, Wuhan, 430070 Hubei, China

Correspondence should be addressed to Ge Zhang; zhangge@whu.edu.cn

Received 7 February 2022; Revised 10 May 2022; Accepted 22 July 2022; Published 22 August 2022

Academic Editor: Maria R. Ciriolo

Copyright © 2022 Ge Zhang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Hypoxia-induced M2 phenotypes of tumor associated macrophages (TAMs) promote the development and chemoresistance of
multiple types of cancers, including glioblastoma (GBM). However, the detailed molecular mechanisms have not been fully
understood. In this study, we firstly reported that hypoxic pressure promoted M2 macrophage generation, which further
promoted cancer progression and temozolomide (TMZ) resistance in GBM through secreting vascular endothelial growth
factor (VEGF). Specifically, the clinical data suggested that M2 macrophages were significantly enriched in GBM tissues
compared with the adjacent normal tissues, and the following in vitro experiments validated that hypoxic pressure promoted
M2-polarized macrophages through upregulating hypoxia-inducible factor-1α (HIF-1α). In addition, hypoxic M2 macrophages
VEGF-dependently promoted cell proliferation, epithelial-mesenchymal transition (EMT), glioblastoma stem cell (GSC)
properties, and TMZ resistance in GBM cells through activating the PI3K/Akt/Nrf2 pathway. Also, M2 macrophages secreted
VEGF to accelerate angiogenesis in human umbilical vein endothelial cells (HUVECs) through interacting with its receptor
VEGFR. In general, we concluded that hypoxic M2 macrophages contributed to cancer progression, stemness, drug resistance,
and angiogenesis in GBM through secreting VEGF, and our data supported the notion that targeting hypoxia-associated M2
macrophages might be an effective treatment strategy for GBM in clinical practices.

1. Introduction

Glioblastoma (GBM) is the most common and lethal malig-
nancy in brain, and according to the latest data, the 2-year
survival rate for this disease is below 10%, and GBM seri-
ously degrades the life quality of human beings worldwide
[1, 2]. However, the initiation, pathogenesis, and progression
of GBM are very complicated, and researchers agree that the
tampered tumor immune microenvironment (TIME) plays
critical role to accelerate the development of GBM [3–5].
Mechanistically, to evade immune surveillance, cancer cells
interact with the infiltrating lymphocytes and transform
those immune cells from antitumor status into protumor
status [3–5]. For example, cancer cells derived programmed
ligand 1 (PL-L1) induce T lymphocyte death through bind-
ing to its receptor PD-1 [5, 6]. Among all the cancer-
associated lymphocytes, tumor-associated macrophages
(TAMs) are closely related with GBM progression and prog-

nosis, and TAMs can be functionally divided into two sub-
types, including M1- and M2-polarized macrophages
[7–9]. Of note, M2 macrophages but not M1 subtypes pro-
mote GBM aggressiveness, and blockage of M2 polarization
in TAMs is effective to restrain GBM development [10–12].
Based on the existed information [13, 14], M2 macrophages
communicate with the surrounding cells through secreting
various molecules, such as EGF, PDGF, VEGF, and TGF-
β1, which are all identified as pivotal contributors for cancer
aggressiveness [15, 16], but it is still unclear whether M2
macrophages facilitate GBM progression through secreting
those factors.

Temozolomide (TMZ) is commonly used for the treat-
ment of GBM in clinic, but TMZ resistance has become a
big obstacle that makes this chemical drug ineffectiveness
[17, 18]. Thus, it is urgent and necessary to search for the
novel strategies to improve TMZ sensitivity in GBM. As pre-
viously reported, glioblastoma stem cells (GSCs) and tumor-
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promoting microenvironment are two pivotal factors that
contribute to TMZ resistance in GBM [19, 20]. Specifically,
GSCs are identified as a subgroup of cells with self-renewal
abilities, which also interact with the surrounding cells
through delivering exosomes. Under the TMZ stresses, GSCs
are forced to differentiate into the cancer cells with TMZ-
resistant properties, and expansion of these GBM cells will
make GBM cells resistant to further TMZ treatment [19,
20]. In addition, GBM cells are capable of sustaining a
tumor-promoting microenvironment to antagonize TMZ
treatment, and interestingly, it has been reported that M2-
polarized macrophages contribute to TMZ resistance in
GBM [21, 22]. For example, Chuang et al. report that elimina-
tion of M2 macrophage-derived miR-21 exosomes overcomes
TMZ resistance in GBM [22]. CD163 is a typical surface bio-
marker for M2 macrophages, and Miyazaki et al. find that
CD163-positive M2 macrophages also increase resistance of
immune therapy in TMZ-resistant GBM cells [21]. Also, as
previously described, M2-polarized macrophages also pro-
mote cancer stemness in pancreatic cancer [23] and thyroid
cancer [24]. Thus, it is reasonable to speculate that M2macro-
phages may contribute to cancer stemness and TMZ resis-
tance in GBM, but the detailed mechanisms are still needed
to be elucidated.

Hypoxic condition is common phenomena in the solid
tumors with volumes above 2mm3, and hypoxia has been
reported to regulate both TIME and chemoresistance in
multiple cancers [25, 26]. For example, Park et al. illustrate
that hypoxia-induced tumor exosomes promote M2-like
macrophage polarization [27], Qi et al. report that hypoxia
correlates with poor survival and M2 macrophage enrich-
ment in colorectal cancer [28], Ge et al. find that hypoxia-
mediated inhibition of mitochondria apoptosis promotes
TMZ resistance in GBM, and Dico et al. verify that hypoxic
pressure serves as a switch for GBM responsiveness to TMZ
[29]. In addition, hypoxia is found to promote cancer stem
cell properties in GBM [30, 31]. Nevertheless, the detailed
molecular mechanisms by which hypoxia promotes M2
macrophage polarization, TMZ resistance, and stemness in
GBM have not been fully delineated. As the results of oxygen
deprivation, the characteristics of the endothelial cells and
stromal cells were significantly changed, which are forced
to form tumor vessels and facilitate tumor angiogenesis
[32–34]. Those tumor vessels will ameliorate hypoxic condi-
tions, and on the other hand, they facilitate cancer metastasis
[32–34]. Interestingly, M2 macrophages are found to facili-
tate cancer angiogenesis [35, 36], but the detailed molecular
mechanisms are still unclear.

Thus, the present study focused on investigating the role
and molecular mechanisms by which hypoxia-induced M2
macrophages contributed to the development and TMZ
resistance of GBM, which will provide alternative treatment
strategies for GBM in clinical practices.

2. Materials and Methods

2.1. Collection and Analysis of the Clinical Specimens. The
patients diagnosed as GBM (N = 42) were recruited, and
the cancerous and adjacent normal nonmalignant tissues

were obtained by surgery. According to their treatment his-
tory, the recurrent GBM patients (N = 15) with TMZ treat-
ment history were judged as TMZ-resistant GBM, and the
rest of the patients (N = 27) without chemotherapy history
were deemed as TMZ-sensitive GBM. All the clinical exper-
iments were conducted followed the tenets of the Declara-
tion of Helsinki and were approved by the Ethics
Committee of Renmin Hospital of Wuhan University. We
had obtained the signed inform consent forms from all the
participants.

2.2. Cell Culture and Vector Transfection. The GBM cell
lines, including LN229 and U251, and the THP-1 cells were
purchased from Shanghai Cell Biology Institute of Chinese
Academy of Sciences (Shanghai, China), which were cul-
tured in the DMEM with 10% fetal bovine serum supple-
mentation. To conduct the TMZ-resistant experiments, the
GBM cells were subjected to high-dose TMZ treatment
(1200μM) as previously reported. In addition, according to
the previous publications [37–39], the THP-1 cells were
treated with phorbol 12-myristate 13-acetate (PMA)
(20 nM for 24h) to differentiate into the CD68-positive M0
macrophages, which were further subjected to hypoxic con-
ditions for 12 h to induce M2 macrophages. The shRNAs for
VEGF, EGF, PDGF, TGF-β1, VEGFR, and Nrf2 were
designed by Sangon Biotechnology (Shanghai, China) and
were delivered into the M2 macrophages by using the Lipo-
fectamine 2000 transfection kit purchased from Invitrogen
(CA, USA).

2.3. Real-Time qPCR Analysis. Total RNA was extracted by
TRIzol reagent (Invitrogen, USA), and Real-Time qPCR
analysis was performed to examine the mRNA levels of
CD206, CD80, HIF-1α, CD163, CDK2, CDK6, Cyclin D1,
N-cadherin, Slug, Twist, E-cadherin, CD133, OCT4, and
Nanog according to the standard experimental procedures
documented in the previous literatures [10].

2.4. Western Blot Analysis. RIPA lysis buffer (Beyotime,
Shanghai, China) was used to extract total proteins, which
were further separated by 10% SDS-PAGE based on their
molecular weight. The proteins were then transferred onto
the PVDF membranes (Millipore, USA) and blocked by
5% nonfat milk. The membranes were subsequently incu-
bated with the primary antibodies against CD68 (Abcam,
UK), HIF-1α (Abcam, UK), CD206 (Abcam, UK), CD163
(Abcam, UK), CD80 (Abcam, UK), CD133 (Abcam, UK),
p-PI3K (Abcam, UK), PI3K (Abcam, UK), p-Akt (Abcam,
UK), Akt (Abcam, UK), and GAPDH (Abcam, UK) at 4°C
overnight, which were further subjected to the secondary
antibodies, and the ECL system (BioRad, USA) was
employed to visualize the protein bands, and the grey values
were calculated by using the Image J software (National
Institutes of Health, USA), which represented the relative
expression levels of the associated genes.

2.5. Immunofluorescence Staining Experiment. The GBM
cells were cultured and blocked with 5mg/ml BSA for 1 h,
were subsequently incubated with the primary antibody
against Nrf2 at 4°C overnight, and then stained with the
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Figure 1: Continued.
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fluor 555-conjugated secondary antibody (1 : 500) for 1 h at
room temperature. Then, the cells were washed by PBS
buffer and restained with DAPI for nucleus. An Immunoflu-
orescence Detection System (BioGeneX, CA, USA) was
employed to observe and capture the immunofluorescent
signals, and the fluorescent intensity was analyzed by per-
forming the Image J software (National Institutes of Health,
USA).

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). The
commercial ELISA kits (Cell Signaling Technology, USA)
were purchased to examine the expression levels of VEGF,
EGF, PDGF, and TGF-β1 in the cells’ supernatants and the
conditional medium according to the protocols provided
by the producers. The absorbance values were measured
and analyzed by using the ELISA microplate spectropho-
tometer (Biotek, USA) at the wavelength of 450 nm and
550nm.

2.7. 3-(4,5)-Dimethylthiahiazo-(-z-yl)-3,5-Diphenytetrazo
liumromide (MTT) Assay. The GBM cells were cultured in
the 96-well plates at the density of 1,000 cells per well, and
the MTT reaction solution with 20μl/well was added to
the cells for 4 h at 37°C. Then, the cell supernatants were dis-
carded, and the formazan was dissolved by 150μl of DMSO
in each well. The plates were fully vortexed, and a microplate
reader (BioRad, USA) was used to examine the optical den-
sity values, which represented relative cell proliferation
abilities.

2.8. Examination of Cell Apoptosis. The GBM cells were
sequentially stained with Annexin V-FITC and PI according
to the instructions of the commercial Apoptosis Detection
kit (YEASEN Biotech, Shanghai, China), and a flow cyt-
ometer (FCM, BD Bioscience, USA) was employed to exam-
ine the Annexin V-FITC and PI-positive apoptotic cell ratio.

2.9. Tube Formation Assay. The 96-well plates were coated
with the precooled growth factor-free Matrigel (BD Biosci-
ence, USA) with 50μl each well for 30min, and the human

umbilical vein endothelial cells (HUVECs) with serum dep-
rivation were seeded onto the gel at the concentration of 3
× 104 each well, and 200μl of the M2-CM and normal
medium was added to the wells. The cells were cultured for
12 h, and the tube formation of the cells was observed under
a light microscope (ThermoFisher Scientific, USA).

2.10. In Vivo Tumor-Bearing Mouse Models. The U251 cells
were diluted in the PBS buffer and were subcutaneously
injected into the dorsal flank of the male BALB/c mice (4-6
weeks old) at the concentration of 5 × 105 cells per mouse,
which were further administered with M0-CM and M2-
CM coinjection. At about 25 days postinjection, the mice
were anesthetized by 100mg/mg Barbiturate, and the tumors
were obtained by surgery and the tumor weights were calcu-
lated. All the animal experiments were approved by the
Ethics Committee of Renmin Hospital of Wuhan University.

2.11. Collection and Analysis of the Data. Data were pre-
sented asmeans ± standard deviation ðSDÞ, and data analysis
was performed by using the SPSS 18.0 software and Graph-
Pad Prism 8.0 software. Comparisons between two groups
were conducted by using the Student t-test, and data from
multiple groups were analyzed by using the one-way
ANOVA analysis. Kaplan-Meier survival analysis was used
to determine the correlations of M1/M2 macrophages with
GBM patients’ prognosis. ∗P < 0:05 was regarded as statisti-
cal significance.

3. Results

3.1. Association of M2 Macrophages with GBM
Aggressiveness, Prognosis, and Clinical Characteristics. Infil-
trating TAMs are critical components to constitute the
tumor-promoting microenvironment in tumors, and previ-
ous literatures agree that M2-polarized macrophages act as
important contributors for the development of GBM
[10–12], which were verified by our experiments. The clini-
cal samples of GBM tissues were initially collected, and the
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Figure 1: M1/M2 macrophages were closely related with GBM progression, prognosis, and drug resistance in clinic. (a, b) The expression
levels of CD206 and CD80 in GBM tissues were examined by Real-Time qPCR analysis. (c, d) Kaplan-Meier survival analysis was performed
to analyze the correlation of M1/M2 macrophages with patients’ prognosis. The correlations of M1/M2 macrophages with (e, f) tumor
volume and (g, h) WHO grade were analyzed. (i, j) The relevance of M1/M2 macrophages with TMZ resistance in the clinical GBM
tissues was analyzed by performing Real-Time qPCR analysis. Each experiment repeated at least 3 times, and ∗P < 0:05.
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Figure 2: Continued.
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biomarkers of M2 macrophage (CD206) and M1 macro-
phage (CD80) were examined by performing Real-Time
qPCR analysis, which showed that the mRNA levels of
CD206 were increased (Figure 1(a)), whereas CD80 were
decreased (Figure 1(b)) in the GBM tissues compared to
the adjacent normal tissues. Next, we analyzed the correla-
tions of TAMs with patients’ prognosis and expectedly
found that patients with better prognosis and longer survival
time were prone to have lower ratio of M2 macrophages but
higher ratio of M1 macrophage (Figures 1(c) and 1(d)), hint-
ing that the M1 and M2 macrophages were pivotal indica-
tors for GBM patients’ prognosis. Then, we analyzed the
correlations of M2 macrophage with the clinical characteris-
tics of GBM patients and found that the M2 macrophage sig-
nature (CD206) was significantly upregulated, whereas M1
marker CD80 was downregulated in GBM patients with big-
ger tumor volume (>4 cm) (Figures 1(e) and 1(f)) and
higher WHO grade (WHO III/IV) (Figures 1(g) and 1(h)),
but their expressions had nothing to do with patients’ gender
(Supplementary Figure S1A, B) and age (Supplementary
Figure S1C, D), indicating that the enrichment of M1 and
M2 macrophages was relevant to GBM progression. Previous
literatures describe that M2-polarized macrophages also
contribute to drug resistance [21, 22], and we verified that
CD206 was significantly upregulated, and CD80 was
downregulated in the cancer tissues collected form recurrent
GBM patients suffered from TMZ treatment, in contrast
with the patients without TMZ treatment (Figures 1(i) and
1(j)), which supported the notion that enrichment of M2
macrophages was relevant to TMZ resistance in GBM.

3.2. THP-1-Derived Macrophages Were Prone to Form M2-
Polarized Subtypes under Hypoxic Stresses. Hypoxia happens
in solid tumors when tumor volume reaches above 2mm3,
and oxygen deprivation exerts pressure and alters the biolog-

ical characteristics of both tumor cells and surrounding
cancer-associated stroma/immune cells, which facilitates
the formation of tumor-promoting circumstances [25, 26].
To ask whether hypoxic conditions change M1/M2 polariza-
tion, in our experiments, the THP-1 cells were treated with
phorbol 12-myristate 13-acetate (PMA) to differentiate into
the CD68-positive M0 macrophages (Figure 2(a)). The
results showed that PMA treatments upregulated the pan-
macrophage biomarker CD68 in the THP-1 cells in a dose-
dependent manner at both mRNA (Figure 2(b)) and protein
(Figures 2(c) and 2(d)) levels. The PMA-induced M0 macro-
phages were further subjected to oxygen deprivation
(Figure 2(a)), and we performed the Real-Time qPCR and
Western Blot analysis to analyze the expression status of
M1/M2 macrophage-associated biomarkers (Figures 2(e)–
2(g)). Interestingly, the results showed that hypoxic stimula-
tions upregulated CD206 and CD163 to promote M2 polar-
ization but suppressed the expression levels of M1-
associated biomarker (CD80) (Figures 2(e)–2(g)), suggesting
that hypoxic stresses promoted M0-to-M2 macrophage
transition. Next, the potential underlying mechanisms by
which hypoxia-induced M2 macrophage were determined.
As previously reported, HIF-1α is a critical gene that can
be induced by hypoxic conditions [40], which is closely
related with the polarization of M2 macrophage [41, 42].
In our experiments, we verified that hypoxia upregulated
HIF-1α in M0 macrophages, and silencing of HIF-1α abro-
gated the promoting effects of hypoxic stimulation on M2
macrophage polarization (Figures 2(e)–2(g)). Collectively,
the above data hinted that hypoxia promoted M2 macro-
phage generation in a HIF-1α-dependent manner.

3.3. Hypoxic M2 Macrophages Secreted VEGF to Accelerate
Cancer Aggressiveness and Angiogenesis in GBM. Interac-
tions between cancer cells and M2 macrophages are pivotal
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Figure 2: Hypoxic conditions promoted M0-to-M2 transition in the THP-1 cells. (a) The graphical illustration for the induction of M2
macrophages from THP-1 cells. PMA promoted the generation of CD68-positive M0 macrophages in a dose-dependent manner, as it
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Figure 3: Continued.
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for accelerating the aggravation of multiple cancers, which
sustain the tumor-promoting microenvironment in solid
tumors [25, 26]. Thus, we next explored whether hypoxia-
induced M2 macrophage contributed to cancer progression
in GBM. To achieve this, the conditional medium of THP-
1 with or without hypoxic stimulation was incubated with
the GBM cell line LN229 and U251 (Figure 3(a)), and our
MTT assay results suggested that hypoxic M2 macrophage
conditional medium (M2-CM) significantly increased the
proliferation abilities in the GBM cells (Figures 3(b) and
3(c)), which were supported by the Real-Time qPCR analysis
results that M2-CM also increased the mRNA levels of
CDK2, CDK6, and Cyclin D1 to promote cell mitosis in
the GBM cells (Figures 3(d) and 3(e)). Also, our results
showed that M2-CM increased the expression levels of
mesenchymal biomarkers (N-cadherin, Slug, and Twist),
whereas downregulated epithelial marker (E-cadherin) to
promote epithelial-mesenchymal transition (EMT) in GBM
cells (Figures 3(f) and 3(g)). Furthermore, the xenograft
tumor-bearing mouse models were established by using the
U251 with or without M2-CM coincubation, and the results
showed that M2-CM promoted tumor growth in vivo (Sup-
plementary Figure S3A, B). According to the previous
studies [15, 16], M2 macrophages interact with the
surrounding cells through secreting the growth factors
including EGF, PDGF, VEGF, and TGF-β1, which are
considered to be closely associated cancer progression. The
above information encouraged us to explore by which
growth factors that mediated M2 macrophage-induced
cancer aggressiveness in GBM. To achieve this, the shRNAs
for EGF, PDGF, VEGF, and TGF-β1 were delivered into the
hypoxic M2 macrophages (Supplementary Figure S2A-D),
and we surprisingly found that deletion of VEGF, instead of

other growth factors, significantly abrogated the promoting
effects of M2-CM on cell proliferation (Figures 3(b) and
3(c), Supplementary Figure S2E-F). Also, knockdown of
VEGF abrogated the promoting effects of M2-CM on GBM
cell mitosis (Figures 3(d) and 3(e)), EMT (Figures 3(f) and
3(g)), and tumorigenesis (Supplementary Figure S3A, B) in
GBM in vitro and in vivo. Angiogenesis is a critical process
for cancer metastasis [32–34], and M2 macrophages have
been reported to facilitate cancer angiogenesis [35, 36],
which were verified by our results that M2-CM promoted
tube formation abilities in HUVECs, which were abrogated
by both silencing VEGF in the M2-CM and deletion of
VEGFR in HUVECs (Supplementary Figure S4A, B),
suggesting that M2 macrophages secreted VEGF, which
interacted with VEGFR to activate its downstream signals
and eventually facilitate tumor angiogenesis.

3.4. Hypoxia-Elicited M2 Macrophage Promoted Stemness
and TMZ Resistance in GBM Cells by Secreting VEGF. M2
macrophage VEGF-dependently contributes to GBM aggres-
siveness, and M2 macrophage is also involved in regulating
chemoresistance in cancers. In addition, VEGF has been ver-
ified as a critical growth factor that increases drug resistance
in multiple cancers [43, 44], and we next explored whether
M2 macrophage increased TMZ resistance in GBM through
VEGF. To this end, the hypoxic M2-CM with or without
VEGF deletion was cocultured with the GBM cells, and the
cells were subsequently subjected to TMZ treatments. The
MTT assay results showed that hypoxic M2-CM signifi-
cantly increased cell viability in TMZ-treated LN229 and
U251 cells, which were abolished by knocking down VEGF
in the M2-CM (Figures 4(a) and 4(b)). Similarly, the FCM
results showed that TMZ tended to induce cell apoptosis in
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Figure 3: Hypoxic M2 macrophage-derived conditional medium facilitates GBM aggressiveness and angiogenesis in a VEGF-dependent
manner. (a) The graphical illustration for the coculture of GBM cells and the macrophage-derived conditional medium. (b, c) GBM cell
proliferation abilities were determined by performing MTT assay. (d, e) The cell mitosis-associated biomarkers (CDK2, CDK6, and
Cyclin D1) were examined by performing Real-Time qPCR analysis. (f, g) The EMT-associated signatures (N-cadherin, Slug, Twist, and
E-cadherin) were examined by Real-Time qPCR analysis. Each experiment repeated at least 3 times, and ∗P < 0:05.

8 Oxidative Medicine and Cellular Longevity



1.5

Ce
ll 

pr
ol

ife
ra

tio
n 

ab
ili

tie
s

0.0

1.0

0.5

0 20 40 60

Time (h)

LN229

80

⁎

Control
TMZ
TMZ+M2-CM
TMZ+M2-CM-KD-VEGF

(a)

1.5

Ce
ll 

pr
ol

ife
ra

tio
n 

ab
ili

tie
s

0.0

1.0

0.5

0 20 40 60

Time (h)

U251

80

⁎
⁎

Control
TMZ
TMZ+M2-CM
TMZ+M2-CM-KD-VEGF

(b)

LN229

U251

Control TMZ TMZ + M2-CM TMZ + M2-CM-KD-VEGF

PI

BL
2-

A
:: 

PE
-A

104

Q1-4
4.89%

Q1-2
0.42%

Q1-3
94.49%

Q1-1
0.20%

103

102

102
101

101

BL1-A:: FITC-A

103

104

105

BL
2-

A
:: 

PE
-A

104

Q1-4
24.99%

Q1-2
0.31%

Q1-3
74.60%

Q1-1
0.10%

103

102

102
101

101

BL1-A:: FITC-A

103

104

105

BL
2-

A
:: 

PE
-A

104

Q1-4
9.40%

Q1-2
0.47%

Q1-3
89.90%

Q1-1
0.24%

103

102

102
101

101

BL1-A:: FITC-A

103

104

105

BL
2-

A
:: 

PE
-A

104

Q1-4
24.96%

Q1-2
0.21%

Q1-3
74.72%

Q1-1
0.11%

103

102

102
101

101

BL1-A:: FITC-A

103

104

105

Annexin V-FITC

Control TMZ TMZ + M2-CM TMZ + M2-CM-KD-VEGF

PI

BL
2-

A
:: 

PE
-A

104

Q1-4
4.02%

Q1-2
0.07%

Q1-3
95.90%

Q1-1
0.01%

103

102

102
101

101

BL1-A:: FITC-A

103

104

105

BL
2-

A
:: 

PE
-A

104

Q1-4
20.06%

Q1-2
0.10%

Q1-3
79.84%

Q1-1
0.00%

103

102

102
101

101

BL1-A:: FITC-A

103

104

105

BL
2-

A
:: 

PE
-A

104

Q1-4
9.45%

Q1-2
0.10%

Q1-3
90.45%

Q1-1
0.00%

103

102

102
101

101

BL1-A:: FITC-A

103

104

105

BL
2-

A
:: 

PE
-A

104

Q1-4
20.02%

Q1-2
0.11%

Q1-3
79.87%

Q1-1
0.00%

103

102

102
101

101

BL1-A:: FITC-A

103

104

105

Annexin V-FITC

(c)

Figure 4: Continued.
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the GBM cells without M2-CM supplementation, and the
suppressing effects of M2-CM on TMZ-induced apoptotic
cell death in GBM cells were reversed by deleting VEGF
(Figures 4(c) and 4(d)). In addition, GSCs are identified as
a group of GBM cells with undifferentiated status, which dif-
ferentiate into chemoresistant GBM cells under chemical
drugs’ pressure, thus contributing to drug resistance in
GBM. Interestingly, recent publications notice that GSC
properties can be modulated by M2 macrophage. Based on
the above information, our data verified that M2-CM
VEGF-dependently increased the expression levels of GSC-
associated genes, including CD133, OCT4, and Nanog, in
the GBM cells (Figures 4(e)–4(h)). The above data hinted
that M2 macrophage secreted VEGF contributed to TMZ
resistance and cancer stemness in GBM.

3.5. M2 Macrophages Secreted VEGF to Activate the PI3K/
Akt/Nrf2 Pathway in GBM Cells. According to recent litera-
tures, VEGF exerts its biological functions through activat-
ing various downstream signaling pathways, including the
classical PI3K/Akt/Nrf2 pathway, and activation of this sig-
naling cascade facilitates cancer aggressiveness and drug
resistance [45, 46]. Thus, we were wondering if M2
macrophage-derived VEGF activated the PI3K/Akt/Nrf2
pathway in GBM cells. To investigate this issue, the GBM
cells were cocultured with M2-CM with or without VEGF
deletion, and the Western Blot analysis results showed that
M2-CM increased the expression levels of phosphorylated
PI3K (p-PI3K) and Akt (p-Akt) in the GBM cells, which
were suppressed by silencing VEGF (Figures 5(a)–5(e)).
Also, the immunofluorescent staining assay was performed
to examine Nrf2 expressions, and we expectedly found that
M2-CM increased the expression levels of Nrf2 in the
GBM cells in a VEGF-dependent manner (Supplementary

Figure S5). Also, the promoting effects of M2-CM on Nrf2
expressions were abolished by cotreating cells with the
PI3K inhibitor LY294002 (Supplementary Figure S5). Thus,
we concluded that M2-CM-derived VEGF activated the
PI3K/Akt/Nrf2 pathway in the GBM cells.

3.6. Targeting the PI3K/Akt/Nrf2 Pathway Abrogated the
Promoting Effects of M2 Macrophages on GBM Progression,
Stemness, and TMZ Resistance. Nrf2 is known as the classical
antioxidant gene [47], and TMZ exerts its cytotoxic effects
on cancer cells partially depending on triggering excessive
oxidative damages [48]. Also, activation of the PI3K/Akt
pathway promotes TMZ resistance in multiple cancers [49,
50]. It was reasonable to speculate that M2 macrophage-
derived VEGF promoted cancer aggressiveness and TMZ
resistance in GBM through activating the PI3K/Akt/Nrf2
pathway. To verify this hypothesis, the hypoxic M2-CM-
treated GBM cells were, respectively, administered with the
PI3K inhibitor LY294002 and shRNA for Nrf2, and the
following Real-Time qPCR results indicated that Nrf2 was
successfully silenced in the GBM cells (Figure 6(a)). The
MTT assay results showed that the promoting effects of
M2-CM on cell proliferation in GBM cells were abrogated
by both LY294002 and Nrf2 knockdown (Figures 6(b) and
6(c)). In addition, as it was determined by Real-Time qPCR,
LY294002 and Nrf2 ablation also suppressed CDK2, CDK6,
and Cyclin D1 expressions to block mitosis in the M2-CM-
treated GBM cells (Figures 6(d) and 6(e)). Consistent with
the above results, we noticed that M2-CM-induced GBM cell
EMT (Figures 6(f) and 6(g)) was also suppressed by
LY294002 and Nrf2 knockdown. Furthermore, as previously
described, the PI3K/Akt/Nrf2 pathway regulates cancer stem
cell properties, which were validated by our results that
blockage of the PI3K/Akt/Nrf2 pathway by LY294002 and
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Figure 4: M2-CM VEGF-dependently increased TMZ resistance in the GBM cells. (a, b) MTT assay results verified that M2-CM increased
cell proliferation in the GBM cells cotreated with TMZ. (c, d) FCM assay verified that M2-CM suppressed TMZ-induced apoptotic cell death
in the GBM cells. (e, f) Real-Time qPCR and (g, h) Western Blot analysis were used to examine the expression status of GSC-related proteins
(CD133, OCT4, and Nanog). Each experiment repeated at least 3 times, and ∗P < 0:05.
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Nrf2 silence also suppressed GSC signatures (CD133, OCT4,
and Nanog) (Figures 6(h) and 6(i)) in the GBM cells treated
with M2-CM. Finally, to ask whether M2-CM influences
TMZ resistance in a PI3K/Akt/Nrf2 pathway-dependent
manner, we performed FCM assay and found that the rescu-
ing effects of M2-CM on TMZ-induced GBM cell apoptosis
were abolished by both LY294002 and Nrf2 knockdown
(Figures 7(a) and 7(b)). The above results were supported
by the following MTT assay that M2-CM rescued cell viabil-
ity in TMZ-treated GBM cells, which were revered by
LY294002 cotreatment and Nrf2 ablation (Figures 7(c) and
7(d)), suggesting that M2 macrophage-secreted VEGF to
promote GBM aggressiveness, stemness, and TMZ resis-
tance via activating the PI3K/Akt/Nrf2 pathway.

4. Discussion

In recent studies, hypoxia-associated M2 phenotypes of
tumor-associated macrophages (TAMs) have been identified
as crucial component of cancers, which contribute to the
development of various types of cancer [51–53], including
glioblastoma (GBM) [54], but the detailed molecular mech-
anisms have not been fully delineated. As previously
reported, M2-polarized macrophages are closely related with
the progression and prognosis in GBM patients [10–12],
which were verified by our data that M2 macrophages are
significantly enriched in the GBM tissues, and high propor-
tion of M2 subtype macrophages predicted a worse progno-
sis in GBM patients. Although the involvement of M2
macrophages in regulating GBM development has been
widely determined [10–12], the underlying mechanisms of
M2 polarization are still unclear. Previous data suggest that
hypoxic conditions in the solid tumor may be the reason
[28]; thus, we discussed this issue and found that oxygen
deprivation promoted M2 polarization in the M0 macro-
phage through upregulating HIF-1α. According to the

existed information, HIF-1α is significantly upregulated
under hypoxic stresses [40], and HIF-1α also participates
in the regulation of M2 macrophage polarization [55, 56],
which are in consistent with our results, suggesting that hyp-
oxia promoted M2 macrophage generation in GBM through
inducing HIF-1α. Then, we investigated the underlying
mechanisms by which M2 macrophage promoted GBM
aggressiveness, and we expectedly found that M2 macro-
phages VEGF-dependently promoted cell proliferation,
epithelial-mesenchymal transition, tumorigenesis, and
angiogenesis, which were supported by the existed data that
VEGF itself serves as an oncogene in GBM [43, 44].

Temozolomide (TMZ) resistance is a huge obstacle
which seriously limits the therapeutic effects of this chemical
drug for the treatment of GBM [17, 18], and it becomes
urgent to search for the novel strategies to increase TMZ
sensitivity. Previous data suggest that M2 macrophages play
important role in regulating chemoresistance [21, 22], which
were validated by our experiments that M2 macrophage-
derived conditional medium (M2-CM) significantly
increased TMZ resistance in the GBM cells in a VEGF-
dependent manner. As previously reported, upregulated
VEGF levels are relevant to TMZ resistance [57, 58], which
supported the notion that M2 macrophages promoted
TMZ resistance in GBM through delivering VEGF. As one
of the most important factors that contribute to chemoresis-
tance, glioblastoma stem cells (GSCs) are also reported to be
closely related with M2 macrophages [23, 24], and recent
data hint that GSC properties can be modulated by VEGF
[15, 45]. Hence, in our study, we validated that M2 macro-
phages secreted VEGF to promote cancer stemness in the
GBM cells.

Then, we verified that M2 macrophage VEGF-
dependently activated the PI3K/Akt/Nrf2 pathway to pro-
mote cancer aggressiveness and TMZ resistance in GBM.
Based on the published data, the PI3K/Akt/Nrf2 pathway
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Figure 5: M2-CM activated the PI3K/Akt/Nrf2 pathway in a VEGF-dependent manner. (a–e) The expression levels of p-PI3K, PI3K, p-Akt,
and Akt in the GBM cells were determined by performing Western Blot analysis. Each experiment repeated at least 3 times, and ∗P < 0:05.
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is identified as tumor-promoting signals that contribute to
the development of various types of cancer, including
GBM [59, 60], and this signal pathway can be activated by
VEGF [45, 46]. Therefore, the GBM cells were cocultured
with the M2-CM, and we found that M2-CM upregulated
p-PI3K, p-Akt, and Nrf2 to activate the PI3K/Akt/Nrf2
pathway, which were reversed by silencing VEGF, suggesting
that M2-CM activated this pathway in a VEGF-dependent
manner. Furthermore, we surprisingly found that inhibition
of the PI3K/Akt/Nrf2 pathway was effective to suppress cell
proliferation and stemness in the GBM cells cotreated with
M2-CM, hinting that M2-CM promoted GBM aggressive-
ness through secreting VEGF. In addition to cancer develop-
ment, the PI3K/Akt/Nrf2 pathway also participates in the

regulation of chemoresistance [49, 50], and our study veri-
fied that M2-CM macrophage secreted VEGF to increase
TMZ resistance in the GBM cells, which are supported by
the facts that VEGF enhanced chemoresistance for multiple
chemical drugs [61].

Although this study preliminarily investigated the role of
M2 macrophages in accelerating cancer aggressiveness and
TMZ resistance in GBM, there still existed several shortcom-
ings needed to be resolved by the following experiments.
First, this study merely investigated the peripheral macro-
phages in regulating GBM progression, and since the
glioblastoma-associated microglia and macrophages
(GAMMs) were the predominated inflammatory infiltrates
during GBM progression [62, 63], the role of GAMMs in
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Figure 6: M2-CM promoted cancer aggressiveness through activating the PI3K/Akt/Nrf2 pathway. (a) The shRNA for Nrf2 was delivered
into the GBM cells, and the transfection efficiency was determined by Real-Time qPCR. (b, c) Cell proliferation abilities were determined by
performing MTT assay. (d, e) Real-Time qPCR was performed to determine the expression status of CDK2, CDK6, and Cyclin D1. (f, g) The
EMT-associated markers were examined by conducting Real-Time qPCR. (h, i) The expression levels of the cancer stem cell biomarkers
were determined by Real-Time qPCR analysis. Each experiment repeated at least 3 times, and ∗P < 0:05.
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GBM development needed to be discussed in our future
work. Second, hypoxic pressure changed the biological char-
acteristics in both GBM cells and the surrounding cells [64,
65]. However, in this study, we only discussed the effects
of hypoxia on M2 macrophages but not the GBM cells itself.
Thus, it was still needed to be investigated whether hypoxia
directly increased TMZ resistance in GBM cells. Third, the
sample size of our clinical experiments was limited, and
more clinical samples are needed to be collected to verify
our current conclusions.

5. Conclusions

This study firstly investigated the underlying mechanisms by
which hypoxic M2 macrophage interacted with tumor cells
and HUVECs to facilitate cancer progression, TMZ resis-
tance, and angiogenesis. The main findings of this study
were summarized as follows: (1) Hypoxic stress promoted
M2 polarization in TAMs through upregulating HIF-1α.
(2) Hypoxic M2 macrophages secreted VEGF activated the
PI3K/Akt/Nrf2 pathway to promote cancer aggressiveness,
stemness, and TMZ resistance in GBM cells. (3) Hypoxic
M2 macrophage VEGF-dependently facilitates angiogenesis
in HUVECs through interacting with VEGFR.
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Supplementary Materials

Figure S1: the correlations of M1/M2 macrophages with
patients’ (A, B) gender and (C, D) age were analyzed. Each

experiment repeated at least 3 times. Figure S2: M2-CM
VEGF-dependently promoted cell proliferation in the GBM
cells. The shRNAs for (A) VEGF, (B) EGF, (C) PDGF, and
(D) TGF-β1 were, respectively, transfected into the M2 mac-
rophages, and the ELISA analysis was performed to examine
their expressions in the M2-CM. (E, F) MTT assay was used
to examine cell proliferation in the GBM cells. Each experi-
ment repeated at least 3 times, and ∗P < 0:05. Figure S3: the
xenograft tumor-bearing mouse models were established,
and (A, B) tumor weight was obtained and weighed. Each
experiment repeated at least 3 times, and ∗P < 0:05. Figure
S4: the HUVECs were cocultured with macrophage-derived
conditional medium, and its angiogenesis abilities were
examined by performing (A, B) tube formation assay. Figure
S5: immunofluorescent staining assay was performed to
determine the expression status and cellular localization of
Nrf2. (Supplementary Materials)
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in the GBM cells was determined by performing the FCM assay. (c, d) The MTT assay was employed to determine cell proliferation in the
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