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Background: Polarization of microglia cells in the glioma microenvironment is closely 
related to the malignant progression and invasion of gliomas. Prolyl 4-hydroxylase subunit 
α1 (P4HA1) is the rate-limiting subunit of prolyl 4-hydroxylase (P4H). In previous studies, 
we showed that P4HA1 could promote the proliferation, migration, and invasion of glioma 
cells, but the specific mechanisms through which this occurs have not been fully elucidated.
Materials and Methods: Interactions between glioma and microglia cells were analyzed 
using bioinformatics. Then, co-culture models were used to obtain conditioned media. To 
characterize microglial cell polarization, we used PCR and immunofluorescence. 
Proliferation and invasion assays were used to explore the biological behavior of glioma 
cells affected by microglia. Finally, marker expression was detected using immunohisto
chemistry in glioblastoma multiform (GBM) specimens.
Results: Knockdown of P4HA1 resulted in reduced chemotaxis of microglia toward GBM 
cells and increased polarization of microglia toward the M1 phenotype. The changed 
microglial polarization state, in turn, inhibited the proliferation and invasion of GBM cells. 
Moreover, in GBM tissue specimens, the P4HA1 expression level is negatively correlated 
with that of the CD86 microglia M1-specific marker.
Conclusion: Our results show that P4HA1 promotes immunosuppressive microenvironment 
formation by cross-talk between GBM and microglia cells and indirectly increases the 
aggressiveness of GBM.
Keywords: glioma, microglia, P4HA1, polarization, invasiveness

Introduction
Glioblastoma multiform (GBM) is the most common primary brain tumor in adults, 
accounting for about 1% of new cancer cases worldwide annually.1 The median 
overall survival time of patients with GBM is less than 15 months, even with the 
most aggressive treatments being developed and used in the past decades.2,3 To 
date, there is no effective treatment regimen for patients with GBM. In recent years, 
encouraging progress has been made in immunotherapy-based treatments of other 
tumors. This, combined with a deeper understanding of the complicated interaction 
between glioma cells and the immune system, means that immunotherapy strategies 
targeting tumor-associated macrophages (TAMs) in the glioma microenvironment 
have become a research hotspot.4

TAMs are the major infiltrating immune cell population in gliomas. TAMs are 
composed of the innate macrophages of the central nervous system (CNS), namely 
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microglia cells and bone marrow-derived macrophages. As 
the only resident macrophage in the brain, microglia exert 
immune surveillance functions and maintain the homeos
tasis of the CNS.5,6 In physiological conditions, microglia 
typically assume an M0-type expression profile. However, 
microglia/macrophages are polarized into activation phe
notypes under pathological conditions. In such conditions, 
microglia/macrophages are roughly divided into two phe
notypes, the classically activated pro-inflammatory M1 
phenotype and the alternatively activated anti- 
inflammatory M2 phenotype.7,8 When inflammation 
occurs, microglia cells are activated by interferon (IFN) 
or lipopolysaccharide (LPS). This produces M1 polariza
tion of microglia with high expression of CD16, CD32, 
TNF-α, MCP-1, CD86, CD64, CD80, and other surface 
markers, generally presenting anti-inflammatory and anti- 
tumor activities.8,9 During tumorigenesis, glioma cells 
secret soluble factors including MCP-1 (CCL2), SDF-1 
(CXCL12), M-CSF (CSF-1), GM-CSF, and EGF, and 
recruit microglia cells and transform them to the M2 
phenotype. M2-type microglia can secret TGF-β, ST1, 
EGF, IL-6, and IL-1β to promote glioma growth and 
invasion and express some surface markers at high levels, 
including CD163, CD206, CD45, CD11b, and CD23.9–14 

Furthermore, M2 type microglia dominate the glioma 
microenvironment, producing soluble factors to induce 
immunosuppression in addition to cell-to-cell contact com
munication, and promoting glioma malignant proliferation 
and metastasis. In contrast, M1-type microglia appear to 
do the opposite in the inflammatory state.9,14 TAMs are 
considered the key driver of glioma local immunosuppres
sion, tumor progression, and resistance to immunomodu
lating treatment strategies.11,15

Prolyl 4-hydroxylase subunit α1 (P4HA1) is the rate- 
limiting subunit of prolyl 4-hydroxylase (P4H). P4H is an 
essential enzyme for procollagen hydroxylation and col
lagen synthesis and secretion.16 P4HA1 can promote the 
malignant progression of breast, prostate, and pancreatic 
cancers, but the mechanism remains unclear.17–19 

Previously, we found that P4HA1 promotes the invasive 
growth of gliomas.20 We used The Cancer Genome Atlas 
(TCGA) dataset to investigate P4HA1 gene expression 
profiles and found that P4HA1 expression significantly 
positively correlated with the pathological grade of glio
mas and was distinctly associated with TAM polarization. 
To explore whether P4HA1 promotes glioma invasiveness 
by changing the microglia polarization state in the tumor 
microenvironment, we co-cultured glioma cells and 

microglial cells in vitro and then measured the expression 
of P4HA1, M1-specific, and M2-specific phenotypic mar
kers in surgically resected glioma specimens in vivo, 
attempting to figure out the role of P4HA1 in the cross- 
talk between GBM cells and the polarization of microglial 
cells.

Materials and Methods
Materials
U251 and U87 glioma cell lines were obtained from the Cell 
Resource Center, Peking Union Medical College (National 
Infrastructure of Cell Line Resources, NSTI). These cell lines 
were authenticated by short tandem repeat (STR) profiles. 
The human HMC-3 microglia cell line was purchased from 
the American Type Culture Collection (ATCC, USA). 
P4HA1 knockdown (sh-P4HA1) and empty vector (sh-Ctrl) 
U251 and U87 cells were all established in our laboratory. 
TRIzol total RNA isolation reagent was purchased from 
Invitrogen, USA. cDNA reverse transcription kit was pur
chased from Promega, USA. PowerUp™ SYBR™ Green 
Master Mix was purchased from Applied Biosystems (ABI, 
USA). Rabbit Anti-Human P4HA1 antibody (12,658-1-AP), 
Rabbit Anti-Human CD86 antibody (13,395-1-AP), and 
Mouse Anti-Human CD206 antibody (60,143-1-Ig) were 
purchased from ProteinTech, China. Secondary antibodies 
for immunofluorescence analyses, Anti-rabbit IgG (H+L) 
(Alexa Fluor® 488 Conjugate) and Anti-mouse IgG (H+L) 
(Alexa Fluor® 594 Conjugate), were purchased from Cell 
Signaling Technology (CST, USA). Goat anti-rabbit and goat 
anti-mouse horseradish peroxidase (HRP) were purchased 
from Neobioscience, China. Cell Counting Kit-8 (CCK-8) 
was purchased from Dojindo, Japan. Real-time quantitative 
PCR analysis was performed using a QuantStudio™ 5 Real- 
time PCR System (ABI, USA).

Cell Culture and Preparation of 
Conditioned Medium
U251, U87, and HMC-3 cells were cultured in Dulbecco’s 
Modified Eagle medium (DMEM, Gibco, USA) supple
mented with 10% fetal bovine serum (FBS, Ever Green, 
China) and 50 U/mL penicillin-streptomycin solution 
(Gibco, USA) at 37°C in a 5% CO2 humidified cell incu
bator (Thermo, Germany).

The co-culture conditioned medium was collected by 
co-culturing GBM and microglia cells in 6-well Transwell 
plates (pore diameter 0.4 μm). Conditioned medium was 
also obtained from glioma cells alone, without co-culture 
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with microglia cells. In detail, when co-cultured with 
microglia cells, U251 (Control), U251 with knocked 
down P4HA1 (sh-P4HA1), and U251 with empty vector 
(sh-Ctrl) were each seeded in the upper Transwell cham
bers at a density of 2×104/mL/well. The lower chambers 
were seeded with HMC-3 cells at a density of 105/2mL/ 
well. Resting HMC-3 cells were used as the blank group, 
with no glioma cells in the upper chambers. To obtain the 
conditioned medium for glioma cells alone, the number of 
glioma cells seeded in each group and the culture time 
remained the same, but the lower chambers of all groups 
did not contain HMC-3 cells. After 72 hours of culture, the 
medium was collected from each group and filtered using 
a 0.2 μm filter. All U87 groups were treated in the 
same way.

Immunohistochemistry and 
Immunofluorescence
After fixing with 10% formaldehyde for 48 hours, glioma 
specimens were embedded in paraffin. Tumor tissues were 
sectioned at a thickness of 4 μm, and deparaffinization, 
antigen retrieval, and nonspecific-binding blocking were 
performed using standard procedures. Rabbit anti-human 
P4HA1 (1:200), rabbit anti-human CD86 (1:200), and 
mouse anti-human CD206 (1:400) primary antibodies 
were added and incubated overnight at 4°C. 3,3ʹ- 
Diaminobenzidine (DAB) staining and hematoxylin coun
terstaining were performed the following day, and the 
slides were dehydrated and sealed with neutral resin. 
Sections were examined at 200× magnification, and repre
sentative images were obtained from four randomly 
selected fields of a section adjacent to that identified by 
hematoxylin and eosin (HE). Staining results were quanti
fied using Image J.

Immunofluorescence staining of microglia polariza
tion markers was grouped as above. In the Transwell 
co-culture systems, 14-mm circular slides were placed 
in the lower chambers before seeding microglia cells. 
After co-culturing, the slides were taken out, washed 
with prewarmed phosphate-buffered saline (PBS), and 
fixed in 4% paraformaldehyde for 20 minutes. The 
slides were then blocked with 5% bovine serum albu
min for 1 hour at room temperature. Rabbit anti-human 
CD86 (1:400) and mouse anti-human CD206 (1:400) 
primary antibodies were added and incubated at 4°C 
overnight. Slides were washed three times with PBS 
and then incubated with fluorescent secondary antibody 

diluted at 1:2000 for 1 hour at room temperature. 
Finally, after three washes with PBS plus Tween 20, 
slides were sealed using antifade mountant with 
4ʹ,6-diamidino-2-phenylindole (DAPI). Four randomly 
selected fields were photographed under a fluorescence 
microscope, and the mean fluorescence intensity was 
analyzed using Image J.

Cell Proliferation Assays
U251 and U87 cells growing at exponential phase were 
digested and counted, then suspended with the condi
tioned medium in 96-well plates at a density of 5×103/ 
100μL/well and cultured at 37°C with 5% CO2. After 48 
hours, the supernatants were discarded, and 100 μL of 
CCK-8 reagent, diluted at 1:10 in DMEM, was added. 
The reaction was incubated for 120 minutes and the 
Optical Density (OD) at 450 nm was determined using 
a microplate reader. Four duplicates were completed for 
each group, and each test was repeated at least three 
times.

Cell Chemotaxis Assays
Exponentially growing cells were digested, counted, and 
seeded. In brief, HMC-3 cells were resuspended with 
serum-free DMEM and seeded into the upper chambers 
of the Transwell system at a density of 2×104/200μL/ 
well, while U251 (Control), U251 with P4HA1 knocked 
down (sh-P4HA1), and U251 with empty vector (sh- 
Ctrl) were resuspended in DMEM supplemented with 
10% FBS and seeded in the lower chambers at 
a density of 6×104/600μL/well. A cell-free group 
(Blank) was used to exclude the influence of serum. 
After incubation in the cell incubator for 16 hours, the 
cells on the upper surface of the membrane were wiped 
with cotton swabs. The migrated cells were fixed in 4% 
paraformaldehyde for 15 minutes at room temperature 
and then stained with 3% (W/V) crystal violet for 20 
minutes. Each group was set with three duplicates. Four 
random fields of adherent cells in each well were photo
graphed and counted using ImageJ software. All U87 
groups were treated the same way.

Cell Invasion Assays
Transwell assays were used to determine the influence 
of microglia polarization on glioma cell invasion ability. 
The upper Transwell chambers were coated with 
Matrigel, with a dilution ratio of 1:6 in DMEM. U251 
and U87 cells were cultured in the co-culture 

OncoTargets and Therapy 2021:14                                                                                         submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
1773

Dovepress                                                                                                                                                            Wang et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


conditioned medium for 48 hours. After digesting and 
counting, cells were resuspended in serum-free DMEM 
and seeded into the upper chambers at a density of 
5×104/200μL/well. DMEM containing 10% FBS was 
added to the lower chambers. Each group was set with 
three duplicates. After incubation in the cell incubator 
for 24 hours, the cells were dyed and counted in ways 
as chemotaxis assays were performed.

Total RNA Isolation and qRT-PCR 
Analyses
Total RNA was isolated using the TRIzol reagent and 
reversely transcribed to produce cDNA. Reverse- 
transcription PCR (RT-PCR) was performed in standard 
mode, the GAPDH housekeeping gene was used as the 
internal control, and the -ΔΔCt algorithm was used for 
relative quantification. Each group was assigned to four 
duplicates, and each test was repeated at least three 
times. The primers used were synthesized by Beijing 
Tianyihuiyuan Biotechnology Co. Ltd, and their 
sequences are described in Table 1.

Bioinformatics Analysis
The gene expression profiles of glioma of different 
pathological grades were downloaded from the TCGA 
database (https://portal.gdc.cancer.gov/). The GBM 
array was divided into High and Low expression 
groups based on P4HA1 expression levels, and 
CIBERSORTx (https://cibersortx.stanford.edu/) was 
used to analyze the relative abundance of the tumor- 
infiltrating immune cell population.21

Statistical Analyses
GraphPad Prism 8 software was used for statistical 
analyses. Differences between groups were analyzed 
using t-test, one-way ANOVA, or two-way ANOVA. 
P-value ≤ 0.05 was considered statistically significant.

Results
P4HA1 is Highly Expressed in HGG and 
Negatively Correlated with M1 
Polarization of TAMs
P4HA1 mRNA expression levels were evaluated in differ
ent WHO grade gliomas using gene expression profile data 
from the TCGA database. P4HA1 was significantly up- 
regulated in high-grade gliomas (HGG) (WHO III and 
WHO IV) compared to low- grade gliomas (HGG) 
(WHO I and WHO II) (P < 0.0001, Figure 1A). To 
determine the relationship between P4HA1 expression 
and TAM polarization in HGG, especially in GBM, 
CIBERSORTx methodology was used to determine the 
relative abundance of M1- or M2-polarized TAMs in 
GBM. RNA-seq matrix profiles, distributed in quartiles 
to the high and the low P4HA1 expression groups 
(Figure 1B), were uploaded to CIBERSORTx to relatively 
quantify the abundance of immune cell infiltration (Figure 
1C and D).21 The infiltration of M1 TAMs in the P4HA1 
low-expression group was significantly higher than that in 
the P4HA1 high-expression group. This suggests that 
P4HA1 expression levels negatively correlate with M1 
polarization of TAMs in GBM (P < 0.001). However, 
P4HA1 expression did not statistically correlate with M2 
polarization of TAMs (P > 0.05).

P4HA1 Knockdown Weakens the 
Chemotaxis of Microglia Toward GBM 
Cells
We next sought to investigate whether the P4HA1 expres
sion affects microglial chemotaxis toward GBM cells 
using the Transwell migration assay. In brief, Transwell 
chambers were divided into four groups. All four groups 
were inoculated with HMC-3 microglia cells in the upper 
chambers, while the lower chambers were seeded with 
GBM cells. The blank group, containing no cells, was 
also set at the same time. After 17 hours of culture, 
HMC-3 cells that had passed through the membranes 

Table 1 qPCR Primers Used in the Experiment

Gene Forward Primer Reverse Primer

IFN-γ TCGGTAACTGACTTGAATGTCCA TCGCTTCCCTGTTTTAGCTGC
TNF-α CCTCTCTCTAATCAGCCCTCTG GAGGACCTGGGAGTAGATGAG

CD206 GGGTTGCTATCACTCTCTATGC TTTCTTGTCTGTTGCCG TAGTT

CD163 GCGGGAGAGTGGAAGTGAAAG GTTACAAATCACAGAGACCGCT
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
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were stained and counted (Figure 2A). There was no 
statistically significant difference between the empty vec
tor group and the control group in either U251 or U87 cells 
(P < 0.05). Comparison of these two groups with the blank 
control group revealed an obvious increase in HMC-3 cell 
migration (P < 0.0001 for both) (Figure 2B). P4HA1 
knockdown distinctly decreased HMC-3 cell migration 
(vs Control and sh-Ctrl, both P < 0.0001) and tended to 
restore the migration number to a low level similar to that 
of the blank group (P > 0.05). These results indicate that 
GBM cells have chemotaxis on microglia and that the 
vector itself does not disturb this chemotaxis. Notably, 
P4HA1 down-regulation can impede microglial chemo
taxis toward GBM cells and restore it to the unaffected 
levels (vs blank, P > 0.05).

Knockdown of P4HA1 in GBM Facilitates 
M1 Polarization of Microglia
To verify whether GBM P4HA1 expression levels affect 
the polarization state of microglia cells, we co-cultured 
U251 and U87 GBM cells with HMC-3 microglia cells 
in the Transwell 6-well plate. After 72 hours, transcrip
tome analysis and immunofluorescence staining were used 
to detect microglia polarization markers (Figure 3A). The 
results showed that mRNA levels of TNF-α and IFN-γ M1 
phenotype markers in the Control and sh-Ctrl groups did 
not significantly differ from those in the blank group (P > 
0.05), and were significantly increased in the sh-P4HA1 
group (P < 0.0001).

The mRNA levels of the CD206 and CD163 M2-type 
surface markers did not differ between the Control, sh-Ctrl, 

Figure 1 P4HA1 is highly expressed in high-grade gliomas, and its expression level in glioblastoma multiform (GBM) negatively correlates with the M1 polarization of TAMs. 
(A) P4HA1 expression levels in low-grade gliomas (LGG) and high-grade gliomas (HGG) were analyzed using the TCGA database. ****P < 0.0001 (B) The GBM array in the 
TCGA database was divided in quartile based on P4HA1 expression levels, and the lower- and higher-expression groups were selected (Low, n = 39; High, n = 39) for 
subsequent analysis. (C, D) CIBERSORTx methodology was used to analyze the relative abundance of M1 polarization of TAMs (C, ***P < 0.001) and M2 polarization (D, ns, 
P > 0.05) in the above two groups.
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and sh-P4HA1 groups, but were significantly increased in 
three groups compared with the blank group (P < 0.0001, 
Figure 3B). These results are consistent with those observed 
by immunofluorescence staining (Figure 3C and D), which 
showed that the CD86 M1 surface marker was only observed 
in the sh-P4HA1 group, while the CD206 M2 surface marker 
was expressed in all groups except the blank group. These 
results suggest that GBM cells are inclined to maintain micro
glia cells in an M2-specific phenotype. Although P4HA1 
knockdown did not change the M2-related expression profile 
of microglia, it induced M1-related marker up-regulation, 
including CD86, TNF-a, and IFN-γ. Together, these data 
indicate that P4HA1 participates in signaling pathways that 
function to regulate the M1-related phenotype of microglia.

M1 Polarization of Microglia Inhibits GBM 
Proliferation and Invasiveness
To determine if the polarization state of microglia affects 
GBM cell proliferation, we collected the conditioned 

medium of each group and respectively applied them to 
U251 and U87 cells during exponential growth. We then 
used CCK-8 assays to assess U251 and U87 cell prolifera
tion. Conditioned medium derived from the sh-P4HA1 
group, in which GBM cells with knocked-down P4HA1 
were co-cultured with HMC-3 cells, significantly inhibited 
the proliferative activity of U251 and U87 GBM cells 
compared with control groups, including the GBM cells 
conditioned medium (GCM) and the co-culture condi
tioned medium with HMC-3 (GMCM). This inhibitory 
effect was more obvious in U87 GBM cells (Figure 4A).

Transwell assays were used to explore the influence of 
the conditioned medium on GBM cell invasiveness (Figure 
4B). The sh-P4HA1 group conditioned medium, in which 
GBM cells were co-cultured with HMC-3 microglia cells, 
exhibited a more substantial inhibitory effect on GBM cell 
invasive ability than did the other groups, including GCM 
and GMCM. The inhibitory effect was consistent in U251 
and U87 GBM cell lines (P < 0.0001) (Figure 4C).

Figure 2 P4HA1 knockdown decreases the recruitment effect of GBM cells on microglia cells. (A) Transwell assays were used to detect and observe the chemotactic effect 
of U251 and U87 cells on HMC-3 microglia cells. Scale bar, 10 μm. (B) Migrated cells were counted and analyzed statistically. P4HA1 knockdown in both U87 and U251 cells 
resulted in significantly reduced chemotaxis to microglia cells. The hash marks represent vs the blank; ns#, P > 0.05; ####P < 0.0001. ****P < 0.0001.
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Figure 3 P4HA1 knockdown promoted microglia polarization towards M1 but did not affect M2 polarization. (A) Diagram of microglia HMC-3 co-cultured with GBM cell. 
(B) RT-PCR was used to detect mRNA levels of polarization-related markers in HMC-3 cells after co-culture with U251 or U87 cells. The hash marks represent vs the blank; 
ns#, P > 0.05; ####P < 0.0001. ns, P > 0.05. (C, D) Immunofluorescence staining was used to observe the expression of polarization-related markers in HMC-3 cells after 
co-culture with U251 (C) or U87 (D) cells. After P4HA1 knockdown, the expression of the CD86 M1-related surface marker was obvious (green), and the expression of 
the CD206 M2-related surface marker was not significantly changed (red). Scale bar, 20 μm.
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Figure 4 Co-culture conditioned medium, generated by culturing microglia cells and GBM cells with knocked-down P4HA1, have inhibitory effects on GBM cell proliferative 
and invasive abilities. (A) CCK-8 cell proliferation assays were performed to detect cell proliferation activity. Co-culture conditioned medium from the sh-P4HA1 group 
showed a higher inhibitory effect on U251 or U87 cell proliferation activity than did that from other groups. The hash marks represent the sh-P4HA1 co-culture group vs all 
other groups, #P < 0.05; ##P < 0.01; ###P < 0.001; ####P < 0.0001; other groups were compared in pairs except the sh-P4HA1 co-culture group, P > 0.05 (ns). (B, C) 
Transwell invasion assays were performed to detect cell invasion ability. Panel B showed the results of crystal violet dyeing. Scale bar, 5 μm. Panel C showed the results of 
counting and statistical processing of the migrated cells. The sh-P4HA1 co-culture group vs all other groups, ****P < 0.0001; other groups were compared in pairs except the 
sh-P4HA1 co-culture group, P > 0.05 (ns). GMCM, conditioned medium from co-culturing GBM cells and microglia cells; GCM, conditioned medium for glioma cells alone.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                           

OncoTargets and Therapy 2021:14 1778

Wang et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Given the above data, we propose that GBM cells with 
low levels of P4HA1 induce microglia polarization toward 
the M1 phenotype through interaction with microglia cells, 
thus playing an inhibitory role in tumor growth and invasion.

P4HA1 Expression Negatively Correlates 
with CD86 M1 Marker Expression in 
GBM Tissue Specimens
Immunohistochemical staining was used to detect 
P4HA1, CD86, and CD206 expression levels in ten 
human GBM tissue specimens (Figure 5A). Image-Pro 
Plus 6.0 software was used to divide staining results 
into low and high groups based on the mean IOD values 
of P4HA1 protein. The P4HA1 low expression group 
exhibited distinctly higher levels of CD86 (P < 0.0001), 

but no difference was observed in CD206 (P > 0.05) 
(Figure 5B). Additional correlation analysis confirmed 
that the P4HA1 expression was negatively correlated 
with the CD86 in microglia cells (P < 0.001) 
(Figure 5C).

Discussion
Standard treatments for GBM patients include surgical 
resection, radiation therapy (RT), and temozolomide che
motherapy. The low efficacy of therapy can be attributed 
to the highly aggressive growth pattern of GBM. Even 
with total radical excision, the tumors are not always 
completely eradicated. Moreover, GBM retains a high 
inherent level of heterogeneity between different GBM 
and within individual GBM masses. As a result, the 

Figure 5 P4HA1 expression level negatively correlates with the CD86 M1 marker in GBM tissue specimens, but have no correlation with the CD206 M2 marker. (A) 
Results of hematoxylin and eosin and immunohistochemical staining. Scale bar, 50 μm. (B) In the P4HA1 low expression group, CD86 M1 marker expression was significantly 
higher than that in the P4HA1 high expression group, while CD206 M2 marker expression level did not differ between the two groups. ns, P > 0.05; ****P < 0.0001. (C) 
Correlation analysis was performed between P4HA1 and CD86. CD86 expression significantly negatively correlates with P4HA1 expression, P < 0.001, r = −0.8917.
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signaling pathways involved in drug resistance and che
moradiotherapy resistance in GBM are extremely com
plex. Additionally, GBM harbors a complicated tumor 
microenvironment (TME). Recent experimental and clin
ical studies have shown that the TME plays a vital role in 
promoting tumorigenesis and drug resistance in GBM. 
Targeting the immunosuppressive TME provides new 
ideas and approaches for GBM treatment.9,11

In GBM, the TME mainly includes non-neoplastic 
cells, primarily infiltrating inflammatory cells and intrinsic 
cells in brain tissues including neurons, astrocytes, micro
glia, and vascular endothelial cells; extracellular matrix 
components, including the stromal structure around 
tumor cells, which are rich in hyaluronic acid; and soluble 
signaling factors, such as cytokines, growth factors, and 
specific glioma proteins.22–24 When glioma occurs, 
a complicated network of intercellular signalings is estab
lished through a series of soluble molecules, including 
cytokines, growth factors, and certain glioma proteins. 
Together with glioma cells, glioma stem-like cells, and 
non-neoplastic cell components such as astrocytes, micro
glia, and infiltrating immune cells, an immunosuppressive 
microenvironment is created to promote the malignant 
progression of gliomas.25–27 The density of infiltrating 
TAMs is positively associated with the malignant charac
teristics, pathologic grades, and invasive properties of 
GBM. In GBM, the proportion of TAMs can be as high 
as 30–50% of the cell components in the tumor 
mass.23,24,28 In recent years, TAMs have become 
a popular therapeutic target, and further studies on the 
mechanisms of the interplay between tumor cells and non- 
neoplastic cells are expected to reveal new therapeutic 
strategies. Using the TCGA database to analyze the asso
ciation between P4HA1 and other proteins in glioma, we 
found that P4HA1 expression was highly positively corre
lated with pathological grade. This is consistent with 
results previously reported by our team and further con
firms the positive correlation between P4HA1 and the 
malignant progression and invasive abilities of gliomas.20 

Meanwhile, we also found a correlation between P4HA1 
expression levels and the polarization state of TAMs. 
Indeed, the P4HA1 expression level was negatively corre
lated with the M1 phenotype, and no correlation was 
observed between P4HA1 expression and M2-type polar
ization (Figure 1C and D), suggesting that P4HA1 may be 
involved in the interplay between glioma cells and TAMs 
in the glioma microenvironment.

To evaluate whether P4HA1 levels in GBM have an 
impact on the recruitment and chemotaxis of microglia 
cells, we conducted Transwell assays. We found that 
down-regulation of P4HA1 in U251 and U87 GBM cell 
lines can significantly reduce chemotaxis of the HMC-3 
microglia cell line (Figure 2). This indicates that P4HA1 is 
involved in the recruitment of microglial cells and accel
erates chemotaxis, thus constructing a microenvironment 
conducive to the malignant behaviors of glioma. Since 
TAMs infiltration is considered one of the driving factors 
for the development of glioma malignancy, it may also 
represent a promising therapeutic strategy to hinder 
TAMs’ infiltration or accelerate their death.15

TAMs are highly plastic and maintain the ability to 
switch between the anti-tumor M1 and the pro-tumor M2 
phenotypes.29,30 To research whether the polarization 
state of recruited microglia is affected by P4HA1 expres
sion levels in GBM, we co-cultured glioma cells and 
microglia cells. We found that knockdown of P4HA1 
significantly up-regulated the expression level of M1 
markers in microglia, including TNF-α, IFN-γ, and 
CD86. Still, CD206 and CD163 M2 markers were not 
affected (Figure 3). Further, in the GBM surgical resec
tion specimens, we confirmed that P4HA1 expression was 
negatively correlated with the CD86 M1 marker and had 
no significant correlation with the CD206 M2 marker. We 
deduced that P4HA1 might change the polarization state 
of microglial cells to create a favorable microenvironment 
for malignant glioma progression. At present, several 
studies have attempted to treat gliomas by polarizing 
TAMs and maintaining them in the anti-tumor M1 
phenotype.30–34 Wang et al used nano-polymer biomater
ials to carry IL-12 into the TME to promote TAMs polar
ization from the M2 to the M1 phenotype.30 Using 
oncolytic virus expressing IL-12 in conjunction with 
two immune checkpoint inhibitors, CTLA-4 and PD-1 
antibody, Saha et al observed that tumor growth was 
inhibited in GBM-bearing mice and that the survival 
time was significantly prolonged.34

To further investigate whether the microglia polariza
tion changes induced by P4HA1 were able to influence 
GBM cells and change their biological behaviors, cell 
proliferation and invasion assays were used. We found 
that after M1 polarization, the secreted proteins of micro
glia can inhibit proliferative activity and invasion ability of 
U251 and U87 cells. Our previous studies have shown that 
P4HA1 knockdown can inhibit the proliferation, migra
tion, and tube formation of glioma or glioma stem-like 
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cells in vitro,20 and inhibit tumorigenesis and prolong 
survival time in glioma-bearing mice in vivo. These results 
indicate that levels of P4HA1 in GBM affect the biological 
behaviors of GBM cells and these effects are deepened 
through the cross-talk between GBM and microglia cells.

In conclusion, this study preliminarily explored the role 
of P4HA1 in the cross-talk between GBM cells and micro
glia in highly malignant GBM. Our results show that 
P4HA1 has the potential to promote TAM infiltration in 
GBM and induce the reduction of the anti-tumor M1 
phenotype. These two elements help to form the immuno
suppressive microenvironment and formidable immune 
escape. These data have further elucidated the role and 
function of P4HA1 in the glioma microenvironment, and 
provide another avenue through which immunotherapy 
strategies in glioma can be enriched.
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