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Simple Summary: The present study showed that a prescribed psychotropic medicine paliperidone
inhibits GBM growth and prolongs survival in mouse brain tumor model and decreased the pro-
grammed death ligand 1 expression. Using the 3D co-culture also found that dopamine receptor D2
regulates the interaction of GBM-macrophage-induced PD-L1 expression in GBMs. In addition, the
expression of DRD2 and PD-L1 in GBM modulates tumor-associated macrophage polarization. Our
results also indicated that there is a contact-independent mechanism of PD-L1 induction in GBM
upon interaction between GBM and monocytes. The present study also found that the interaction of
GBM-macrophage-enhanced PD-L1 expression in GBM occurred by modulating the ERK and STAT3
signaling pathways. In addition, the inhibition of DRD2 reduces the upregulation of PD-1 expression,
and it is regulating signaling in GBM.

Abstract: A previous study from our group reported that monocyte adhesion to glioblastoma
(GBM) promoted tumor growth and invasion activity and increased tumor-associated macrophages
(TAMs) proliferation and inflammatory mediator secretion as well. The present study showed
that prescribed psychotropic medicine paliperidone reduced GBM growth and immune checkpoint
protein programmed death ligand (PD-L)1 expression and increased survival in an intracranial
xenograft mouse model. An analysis of the database of patients with glioma showed that the
levels of PD-L1 and dopamine receptor D (DRD)2 were higher in the GBM group than in the low
grade astrocytoma and non-tumor groups. In addition, GFP expressing GBM (GBM-GFP) cells
co-cultured with monocytes-differentiated macrophage enhanced PD-L1 expression in GBM cells.
The enhancement of PD-L1 in GBM was antagonized by paliperidone and risperidone as well as
DRD2 selective inhibitor L741426. The expression of CD206 (M2 phenotype marker) was observed
to be markedly increased in bone marrow-derived macrophages (BMDMs) co-cultured with GBM.
Importantly, treatment with paliperidone effectively decreased CD206 and also dramatically increased
CD80 (M1 phenotype marker) in BMDMs. We have previously established a PD-L1 GBM-GFP cell
line that stably expresses PD-L1. Experiments showed that the expressions of CD206 was increased
and CD80 was mildly decreased in the BMDMs co-cultured with PD-L1 GBM-GFP cells. On the
other hands, knockdown of DRD2 expression in GBM cells dramatically decreased the expression
of CD206 but markedly increased CD80 expressions in BMDMs. The present study suggests that
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DRD2 may be involved in regulating the PD-L1 expression in GBM and the microenvironment of
GBM. Our results provide a valuable therapeutic strategy and indicate that treatments combining
DRD2 antagonist paliperidone with standard immunotherapy may be beneficial for GBM treatment.

Keywords: DRD2; glioblastoma; PD-L1; tumor-associated macrophage; paliperidone

1. Introduction

Glioblastoma (GBM) is considered the most deadly brain tumors because of its aggres-
sive invasive growth and its resistance to chemotherapy and radiotherapy [1,2], and the
average life expectancy of GBM patients is only approximately 15 months [3]. In histologi-
cal analysis of GBM, a heterogeneous cellular composition of neoplastic glioma cells and
non-neoplastic cells forms the tumor microenvironment that composes of brain-resident
microglia, infiltrating monocytes/macrophages, reactive astrocytes, and other immune
cell infiltrates [4]. Microglia and circulating monocytes/macrophages have been found to
constitute up to 30% of tumor mass in both human and murine GBMs [5,6]. Accumulating
studies indicated that non-neoplastic cells in the tumor microenvironment are important
for the maintenance of cancer growth and the responses to therapies. Importantly, resi-
dent brain microglia and infiltrating blood monocytes are present in both low-grade and
high-grade gliomas [7]. Monocytes belong to the mononuclear phagocyte system and arise
from hematopoietic stem cells in the bone marrow that are released during infection and
inflammation and differentiated into macrophages, which functions to maintain immunity
homeostasis [8]. The most abundant populations of tumor-associated macrophages (TAM)
in the glioma microenvironment include resident brain microglia, infiltrating blood mono-
cytes, and circulating macrophages [7], which are the predominant inflammatory cells
infiltrating the gliomas [9]. A previous study suggested that circulating monocytes that
surround the tumor mass would differentiate into new cells and establish the tumor mi-
croenvironment [10]. Our previous study also reported that interaction of GBM and TAMs
promoted GBM growth and invasion activity, as well as increased TAMs proliferation and
inflammatory mediator secretion [11].

To date, many tumor entities show constant expression of programmed death (PD)-1,
thereby evading immune surveillance [12,13]. Importantly, therapeutic strategies that aim
at blocking immune checkpoint protein PD-1 or its ligand PD-L1 have proved success-
ful [14]. PD-1 (also named CD279) and PD-L1 (also named CD274) have been recognized
in mediating the immunosuppressive effects of tumors by promoting T effector cell dys-
function and the induction of regulatory T cells [15]. Clinically, similar effects have also
been reported in other tumor entities, such as melanoma [16], lung [17], breast [18], and
bladder [19]. PD-L1 has been observed to be overexpressed in GBM and GBM associ-
ated macrophages [20,21]. Recently, PD-L1 expression was observed in more than 88% of
GBM cases, similar to other malignancies characterized by PD-L1 expression [22,23]. In
addition, higher levels of PD-L1 expression are normally correlated with worse outcomes.
In clinical studies, PD-L1 expression in patients with glioma was significantly higher in
grade IV (GBM) than in grade II and III gliomas [24,25]. A previous study has reported
that the levels of PD-L1 expression were positively correlated with the clinical grades of
patients with gliomas [26]. Numerous studies have shown that PD-L1 expression in the
glioma microenvironment contributes mainly by tumor-infiltrating myeloid cells such as
macrophages, rather than the tumor cells themselves [27,28].

Epidemiologic studies have shown that patients with schizophrenia, who inherently
have elevated dopamine receptor D (DRD)2 signaling, have an increased risk of can-
cers, while the risk returns to normal with DRD2 antagonists [29,30]. Antipsychotics and
risperidone and its active metabolite, paliperidone, are DRD2 antagonists. They are FDA-
approved clinical drugs for the treatment of schizophrenia [31]. Paliperidone has been
recognized as the mildest psychiatric medicine for patients for tolerating clinical experi-
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ence [32]. Comparison of tumor biopsies to matched normal brain tissues convincingly
illustrated that DRD2 expression is significantly elevated in tumor tissues [33]. DRD2
has emerging as a novel therapeutic target in GBM and other cancers based on a series of
studies that have demonstrated its selective overexpression in malignant tissues and the an-
ticancer effects of its antagonism [34]. Importantly, GBM samples from patients have shown
elevated synthesis and secretion of dopamine, which might initiate an autocrine signaling
process within GBM microenvironment and, thus, contribute to tumor progression [35,36].
Activation of DRD2 has also been reported to induce GBM growth and shifts the cells to a
stem cell-like state [37]. DRD2-targeting antipsychotics such as risperidone and haloperidol
have been reported to induce apoptosis and reduce self-renewal in GBM cells [38]. Murine
models of GBM exhibit a 14-fold increase in dopamine receptor expression compared to
isogenic controls [39]. Furthermore, DRD2 silencing reduces U87 GBM growth by about
70–90% [33]. Therefore, inhibiting DRD2 signaling to treat GBM patients with tumors
abundantly expressing DRD2 may be a promising therapeutic strategy.

The present study aims to investigate the molecular mechanisms underlying GBM
and monocytes/macrophage interaction, as well as how DRD2 modulates PD-L1 induction
within GBM and tumor microenvironment. The results further bring better understanding
relative to the actual fate of GBM that recruits macrophages following infiltration and their
roles in GBM progression. Our findings may help to identify therapeutic strategies that
can be combined with standard glioma therapies.

2. Results
2.1. Paliperidone Inhibits GBM Growth in Mouse Brain Tumor Model

First, we used an intracranial xenograft model of ALTS1C1-Luc mouse GBM (stably
expressing firefly luciferase), and the mouse was intraperitoneally administrated with
paliperidone or vehicle once daily after 8 days post-implantation (d.p.i.). The IVIS images
revealed an increase in tumor growth after 11 d.p.i. to 13 d.p.i. in the both vehicle and
paliperidone groups. However, treatment with paliperidone markedly decreased the tumor
volume than in the vehicle group (Figure 1A). Moreover, the quantification of tumor size
by IVIS analysis showed that the tumor volumes were significantly increased in the vehicle
group, while no increase between 13 and 15 dpi was observed in the paliperidone treatment
group (Figure 1B). During these periods, the paliperidone treatment group showed a
tendency in gaining weight (Figure 1C). In addition, the body weight loss of the vehicle
group was observed. Consistent with imaging results, mice that were administrated with
paliperidone possessed longer survival than the vehicle group (Figure 1D). Furthermore,
analysis of the glioma in mouse brain showed that mRNA levels of PD-L1 were lower
in the paliperidone treatment group than in the vehicle control group (Figure 1E). In
addition, there was no significant difference of DRD2 between the paliperidone and the
vehicle groups (Figure 1F). In addition, analysis of the GSE 4290 dataset of patients with
glioma showed that levels of PD-L1 are higher in the GBM group than in the low-grade
astrocytoma groups (grade II and grade III) and the non-tumor group (Figure S1A). The
levels of DRD2 are also higher in the GBM group than in the grade II and III astrocytoma
groups and the non-tumor group (Figure S1B).
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Figure 1. Paliperidone reduces GBM growth and PD-L1 expression and prolongs survival in the intracranial xenograft 
mouse model. ALTS1C1-luciferase GBM cells were implanted into mice brain, and the mouse was subjected to once daily 
intraperitoneal injection with paliperidone (PAL; 3 mg/kg) or vehicle. The tumor size was examined at the indicated time 
points (8, 11, 13, and 15 dpi) by IVIS image. Representative images from each group are shown (A). Quantification of 
tumor size is shown (B). The body weight changes are shown in (C). (D) Kaplan–Meier survival curve showed that mice 
with treated with paliperidone (PAL; 3 mg/kg) exhibited longer survival than the vehicle group (p = 0.02). Quantitative 
data are presented as mean ± SEMs.e.m. Messenger RNA levels of PD-L1 (E) and DRD2 (F) in the intracranial GBM were 
examined by real time PCR for day 24. * p < 0.05 compared with the vehicle control (Student’s t-test). Abbreviations: dpi: 
days post-implantation. 
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According to the analysis of patients with glioma, we used an established human 
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tion of monocytes and GBM [11]. GFP expressing GBM (GBM-GFP) cells were co-cultured 
with monocyte-differentiated macrophage, and then the expression of PD-L1 in GBM was 
determined. After 48 h co-culture, PD-L1 expression in the co-cultured GBM was higher 
than the GBM alone group (Figure 2A). In order to assess whether DRD2 was involved in 
the enhancement of PD-L1 expression, DRD2 clinical antagonist paliperidone (PAL) was 
administrated to the culture. As shown in Figure 2B, paliperidone decreased GBM-mac-
rophage co-culture induced PD-L1 expression in GBM cells. In addition, paliperidone also 
decreased the levels of PD-L1 expression in monocyte-differentiated macrophages (Figure 
2C). Moreover, treatment with PAL alone did not affect the PD-L1 expression in GBM 
(Figure S2A,B) or HM cells (Figure S2C). 

Figure 1. Paliperidone reduces GBM growth and PD-L1 expression and prolongs survival in the intracranial xenograft
mouse model. ALTS1C1-luciferase GBM cells were implanted into mice brain, and the mouse was subjected to once daily
intraperitoneal injection with paliperidone (PAL; 3 mg/kg) or vehicle. The tumor size was examined at the indicated time
points (8, 11, 13, and 15 dpi) by IVIS image. Representative images from each group are shown (A). Quantification of
tumor size is shown (B). The body weight changes are shown in (C). (D) Kaplan–Meier survival curve showed that mice
with treated with paliperidone (PAL; 3 mg/kg) exhibited longer survival than the vehicle group (p = 0.02). Quantitative
data are presented as mean ± SEMs.e.m. Messenger RNA levels of PD-L1 (E) and DRD2 (F) in the intracranial GBM were
examined by real time PCR for day 24. * p < 0.05 compared with the vehicle control (Student’s t-test). Abbreviations: dpi:
days post-implantation.

2.2. Paliperidone Reduces PD-L1 Expression in GBM of GBM-Macrophage Co-Culture System

According to the analysis of patients with glioma, we used an established human
GBM-macrophage co-culture system to examine the effect of paliperidone in the interaction
of monocytes and GBM [11]. GFP expressing GBM (GBM-GFP) cells were co-cultured
with monocyte-differentiated macrophage, and then the expression of PD-L1 in GBM was
determined. After 48 h co-culture, PD-L1 expression in the co-cultured GBM was higher
than the GBM alone group (Figure 2A). In order to assess whether DRD2 was involved
in the enhancement of PD-L1 expression, DRD2 clinical antagonist paliperidone (PAL)
was administrated to the culture. As shown in Figure 2B, paliperidone decreased GBM-
macrophage co-culture induced PD-L1 expression in GBM cells. In addition, paliperidone
also decreased the levels of PD-L1 expression in monocyte-differentiated macrophages
(Figure 2C). Moreover, treatment with PAL alone did not affect the PD-L1 expression in
GBM (Figure S2A,B) or HM cells (Figure S2C).
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Figure 2. DRD2 involved in the PD-L1 expression in GBM cells in the GBM-macrophage co-culture system. (A) U87-GFP 
and U251-GFP cells were co-cultured with the THP-1 differentiated macrophage for 48 h. PD-L1 expression was deter-
mined by flow cytometry analysis. (B) U87-GFP and U251-GFP cells were treated with paliperidone (20 μM, PAL) for 30 
min, and cells were then co-cultured with THP-1 macrophages (HM) after wash-out of paliperidone for 48 h. PD-L1 ex-
pression on GBM was determined by flow cytometry analysis. * p < 0.05 compared with GBM alone group. # p < 0.05 
compared with THP-1 group. (C) THP-1 macrophages (HM) were treated with paliperidone (20 μM, PAL) for 30 min, 
washed out for 48 h, and then co-cultured with U87-GFP and U251-GFP cells. PD-L1 expression on cell surface of HM was 
determined by flow cytometry analysis. * p < 0.05 compared with THP-1 alone group. # p < 0.05 compared with U87 or 
U251 groups (n = 3–4). 

2.3. Expression of DRD2 and PD-L1 in GBM Modulated Tumor-Associated Macrophage 
Polarization 
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the paliperidone treatment group, we further determined whether DRD2 expressed in 
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in BMDM. Furthermore, the expression of CD80 (M1 phenotype marker) on BMDMs was 
also dramatically increased by paliperidone treatment in GBM-macrophage co-cultured 
BMDM. In order to further determined whether DRD2 expression was involved in regu-
lation of this phenomenon, we established a PD-L1 GBM-GFP cell line that stably ex-
presses PD-L1 (Figure 3B). The expressions of CD206 increased while CD80 mildly de-
creased in the BMDMs co-cultured with PD-L1 GBM-GFP cells for 48 h (Figure 3C). On 
the other hands, GBM-GFP cells with transfected shRNA against DRD2 knock downed 
DRD2 expression (Figure 3D). The expressions of CD206 dramatically decreased, and 
CD80 markedly increased in the BMDMs co-cultured with GBM-GFP cells for 48 h (Figure 
3E). In addition, treatment with PAL alone did not affect the expressions of both PD-L1 
(Figure S2D) or the phenotype marker of macrophages (Figure S2E). 

Figure 2. DRD2 involved in the PD-L1 expression in GBM cells in the GBM-macrophage co-culture system. (A) U87-GFP
and U251-GFP cells were co-cultured with the THP-1 differentiated macrophage for 48 h. PD-L1 expression was determined
by flow cytometry analysis. (B) U87-GFP and U251-GFP cells were treated with paliperidone (20 µM, PAL) for 30 min, and
cells were then co-cultured with THP-1 macrophages (HM) after wash-out of paliperidone for 48 h. PD-L1 expression on
GBM was determined by flow cytometry analysis. * p < 0.05 compared with GBM alone group. # p < 0.05 compared with
THP-1 group. (C) THP-1 macrophages (HM) were treated with paliperidone (20 µM, PAL) for 30 min, washed out for 48 h,
and then co-cultured with U87-GFP and U251-GFP cells. PD-L1 expression on cell surface of HM was determined by flow
cytometry analysis. * p < 0.05 compared with THP-1 alone group. # p < 0.05 compared with U87 or U251 groups (n = 3–4).

2.3. Expression of DRD2 and PD-L1 in GBM Modulated Tumor-Associated Macrophage
Polarization

Since the glioma in mouse brain showed that mRNA levels of PD-L1 were lower in
the paliperidone treatment group, we further determined whether DRD2 expressed in
mouse GBM changes the polarization of TAMs under interaction of GBM and macrophages.
As shown in Figure 3A, the expression of CD206 was markedly increased in mouse bone
marrow-derived macrophages (BMDMs) in the GBM-macrophage co-culture system. Im-
portantly, treatment with paliperidone effectively decreased CD206 expression in BMDM.
Furthermore, the expression of CD80 (M1 phenotype marker) on BMDMs was also dra-
matically increased by paliperidone treatment in GBM-macrophage co-cultured BMDM.
In order to further determined whether DRD2 expression was involved in regulation of
this phenomenon, we established a PD-L1 GBM-GFP cell line that stably expresses PD-
L1 (Figure 3B). The expressions of CD206 increased while CD80 mildly decreased in the
BMDMs co-cultured with PD-L1 GBM-GFP cells for 48 h (Figure 3C). On the other hands,
GBM-GFP cells with transfected shRNA against DRD2 knock downed DRD2 expression
(Figure 3D). The expressions of CD206 dramatically decreased, and CD80 markedly in-
creased in the BMDMs co-cultured with GBM-GFP cells for 48 h (Figure 3E). In addition,
treatment with PAL alone did not affect the expressions of both PD-L1 (Figure S2D) or the
phenotype marker of macrophages (Figure S2E).
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Figure 3. DRD2 and PD-L1 in GBM are involved in the polarization of TAMs in the GBM-macrophage co-cultured system. 
(A) BMDMs were co-cultured with ALTS1C1-GFP cells and then treated with or without PAL (20 μM) for 48 h. CD80 and 
CD206 expressions were determined by flow cytometry analysis. (B) Establishment of stable PD-L1 expression in 
ALTS1C1-GFP cells. The expression of PD-L1 was verified by Western blot. (C) BMDMs were co-cultured with PD-L1 
ALTS1C1-GFP cells for 48 h. CD80 and CD206 were determined by flow cytometry analysis. (D) ALTS1C1-GFP cells were 
transfected with DRD2, and the expression of DRD2 was verified by real time-PCR. *p < 0.05 compared with shLacz group. 
(E) BMDMs were co-cultured with DRD2 knockdown of ALTS1C1-GFP cells for 48 h. CD80 and CD206 were determined 
by flow cytometry analysis. 

2.4. GBM-Primed Macrophage CM Effectively Induces PD-L1 Expression in GBM 

In order to further examine whether upregulation of PD-L1 in GBM requires direct 
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upon stimulation with conditioned medium (CM) from either differentiated human mac-
rophages (HM CM) or GBM-CM (GCM)-primed human macrophages (HM/GCM CM). 
As shown in Figure 4A,B, HM/GCM CM significantly induced PD-L1 expression on both 
human U87 and U251 GBMs compared with treatment with HM medium or HM CM. In 
addition, the stimulation of HM CM only slightly increased PD-L1 expression in GBM 
(Figure 4B). In addition, the stimulation of HM/GCM CM also markedly induced PD-L1 
protein expression in both human U87 (Figure 4C) and U251 GBMs (Figure 4D). The 
mRNA levels of PD-L1 in GBM also significantly increased after stimulation with 
HM/GCM CM than compared to HM CM (Figure 4E,F). In the meantime, there was only 
a mild increase in PD-L1 in GBM induced by HM CM. Our results suggest that the mac-
rophage-induced PD-L1 expression on GBM does not require a direct contact type of in-
teraction between GBM and macrophages. We also found that the CMs of macrophages 
after being primed by GCM had more potential than the CMs of naïve macrophages in 
inducing PD-L1 expression in GBM. 

Figure 3. DRD2 and PD-L1 in GBM are involved in the polarization of TAMs in the GBM-macrophage co-cultured system.
(A) BMDMs were co-cultured with ALTS1C1-GFP cells and then treated with or without PAL (20 µM) for 48 h. CD80
and CD206 expressions were determined by flow cytometry analysis. (B) Establishment of stable PD-L1 expression in
ALTS1C1-GFP cells. The expression of PD-L1 was verified by Western blot. (C) BMDMs were co-cultured with PD-L1
ALTS1C1-GFP cells for 48 h. CD80 and CD206 were determined by flow cytometry analysis. (D) ALTS1C1-GFP cells were
transfected with DRD2, and the expression of DRD2 was verified by real time-PCR. * p < 0.05 compared with shLacz group.
(E) BMDMs were co-cultured with DRD2 knockdown of ALTS1C1-GFP cells for 48 h. CD80 and CD206 were determined by
flow cytometry analysis.

2.4. GBM-Primed Macrophage CM Effectively Induces PD-L1 Expression in GBM

In order to further examine whether upregulation of PD-L1 in GBM requires direct con-
tact interaction with macrophages. We determined the expression of PD-L1 in GBM upon
stimulation with conditioned medium (CM) from either differentiated human macrophages
(HM CM) or GBM-CM (GCM)-primed human macrophages (HM/GCM CM). As shown
in Figure 4A,B, HM/GCM CM significantly induced PD-L1 expression on both human
U87 and U251 GBMs compared with treatment with HM medium or HM CM. In addition,
the stimulation of HM CM only slightly increased PD-L1 expression in GBM (Figure 4B).
In addition, the stimulation of HM/GCM CM also markedly induced PD-L1 protein ex-
pression in both human U87 (Figure 4C) and U251 GBMs (Figure 4D). The mRNA levels
of PD-L1 in GBM also significantly increased after stimulation with HM/GCM CM than
compared to HM CM (Figure 4E,F). In the meantime, there was only a mild increase in
PD-L1 in GBM induced by HM CM. Our results suggest that the macrophage-induced
PD-L1 expression on GBM does not require a direct contact type of interaction between
GBM and macrophages. We also found that the CMs of macrophages after being primed by
GCM had more potential than the CMs of naïve macrophages in inducing PD-L1 expression
in GBM.
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Figure 4. GBM primed macrophage potentiates PD-L1 expression in GBMs. Human U87 (A,C,E) and U251 (B,D,F) GBM 
were incubated with GBM cultured medium, THP-1 cultured medium, HM CM, or HM/GCM CM for 48 h. PD-L1 expres-
sion was determined by flow cytometry analysis (A,B), Western blot (C and D), and real time-PCR (E,F). * p < 0.05 com-
pared with GBM alone group. # p < 0.05 compared with HM CM group. (n = 3–4). 
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human GBMs. Similarly, the administration of a DRD2 selective DRE2 antagonist L741626 
also significantly decreased HM/GCM CM-induced PD-L1 expression in human GBM 
(Figure 5C). In addition, paliperidone, risperidone, or L741626 also effectively decreased 
BMDM/ACM CM-induced PD-L1 expression in mouse GBM (Figure 5B,D). Furthermore, 
the enhancements of PD-L1 protein expression in both human GBM (Figure 5E) and 
mouse GBM (Figure 5F) were reduced by paliperidone, risperidone, or L741626. Moreo-
ver, treatment with paliperidone, risperidone, or L741626 all markedly attenuated 
HM/GCM CM-enhanced or BMDM/ACM CM-enhanced mRNA of PD-L1 expression 
(Figure 5G) but did not affect mRNA of DRD2 expression (Figure 5H) in both human and 
mouse GBMs. In addition, the knockdown of DRD2 in GBM also reduced the enhance-
ment of PD-L1 expression induced by HM/GCM (Figure S2F). 

Figure 4. GBM primed macrophage potentiates PD-L1 expression in GBMs. Human U87 (A,C,E) and U251 (B,D,F) GBM
were incubated with GBM cultured medium, THP-1 cultured medium, HM CM, or HM/GCM CM for 48 h. PD-L1
expression was determined by flow cytometry analysis (A,B), Western blot (C and D), and real time-PCR (E,F). * p < 0.05
compared with GBM alone group. # p < 0.05 compared with HM CM group. (n = 3–4).

2.5. DRD2 Regulates the Interaction of GBM-Macrophage-Induced PD-L1 Expression in GBMs

As shown in Figure 5A, treatment of clinical medicines such as paliperidone or risperi-
done decreased the enhancement of HM/GCM CM-induced PD-L1 expression in both
human GBMs. Similarly, the administration of a DRD2 selective DRE2 antagonist L741626
also significantly decreased HM/GCM CM-induced PD-L1 expression in human GBM
(Figure 5C). In addition, paliperidone, risperidone, or L741626 also effectively decreased
BMDM/ACM CM-induced PD-L1 expression in mouse GBM (Figure 5B,D). Furthermore,
the enhancements of PD-L1 protein expression in both human GBM (Figure 5E) and
mouse GBM (Figure 5F) were reduced by paliperidone, risperidone, or L741626. Moreover,
treatment with paliperidone, risperidone, or L741626 all markedly attenuated HM/GCM
CM-enhanced or BMDM/ACM CM-enhanced mRNA of PD-L1 expression (Figure 5G) but
did not affect mRNA of DRD2 expression (Figure 5H) in both human and mouse GBMs.
In addition, the knockdown of DRD2 in GBM also reduced the enhancement of PD-L1
expression induced by HM/GCM (Figure S2F).



Cancers 2021, 13, 4357 8 of 17Cancers 2021, 13, x 8 of 17 
 

 

 
Figure 5. DRD2 is involved in the interaction of GBM-macrophage-induced PD-L1 expression in GBM. (A,C,E) Human 
U251 GBMs were incubated with human macrophage (HM) cultured medium, HM CM or HM/GCM CM, and then treated 
with paliperidone (20 μM, PAL), risperidone (20 μM, RS), or L741626 (1 μM) for 48 h. (B,D,F) Mouse ALTS1C1 GBMs 
were incubated with BMDMs cultured medium, BMDMs CM or BMDM/ACM CM, and then treated with or without PAL 
(20 μM), risperidone (20 μM, RS), or L741626 (1 μM) for 48 h. PD-L1 expression on the cell surface was determined by 
flow cytometry analysis (A–D) and Western blot (E,F). * p < 0.05 compared with HM medium group. # p < 0.05 compared 
with HM/GCM CM group. (n = 3–4) (G,H) mRNA levels of PD-L1 and DRD2 were determined by real-time PCR. * p < 0.05 
compared with HM medium or BMDMs medium groups. # p < 0.05 compared with HM/GCM CM or BMDM/ACM CM 
groups (n = 3). 

2.6. Involvement of ERK and STAT3 Signaling Pathways in the Interaction of GBM-
Macrophage-Induced PD-L1 Expression in GBM 

We further determined the regulatory mechanism of PD-L1 expression under GBM-
macrophage interaction and whether DRD2 modulates PD-L1 expression in GBM through 
these signaling pathways. As shown in Figure 6A, HM/GCM CM-induced increased phos-
phorylation of STAT3 and ERK in human GBM. Similarly, BMDM/ACM CM also in-
creased STAT3 and ERK phosphorylation in mouse GBM (Figure 6B). Moreover, the en-
hancements of HM/GCM CM-induced or BMDM/ACM CM-induced phosphorylated 
STAT3 expression were reduced by PAL, RS, or L741626 treatment in human GBM (Figure 
6C) and mouse GBM (Figure 6D). Furthermore, the enhancements of HM/GCM CM-in-
duced or BMDM/ACM CM-induced PD-L1 expression in GBM were reduced by treat-
ment with STAT3 inhibitor (S31-201) or MEK/ERK inhibitor (U0126) in human GBM (Fig-
ure 6E) and mouse GBM (Figure 6F). These results indicated that there is a contact-inde-
pendent mechanism of PD-L1 induction in GBM upon interaction between GBM and 
monocytes. The interactions of GBM-macrophage-enhanced PD-L1 expression in GBM 

Figure 5. DRD2 is involved in the interaction of GBM-macrophage-induced PD-L1 expression in GBM. (A,C,E) Human
U251 GBMs were incubated with human macrophage (HM) cultured medium, HM CM or HM/GCM CM, and then treated
with paliperidone (20 µM, PAL), risperidone (20 µM, RS), or L741626 (1 µM) for 48 h. (B,D,F) Mouse ALTS1C1 GBMs were
incubated with BMDMs cultured medium, BMDMs CM or BMDM/ACM CM, and then treated with or without PAL (20
µM), risperidone (20 µM, RS), or L741626 (1 µM) for 48 h. PD-L1 expression on the cell surface was determined by flow
cytometry analysis (A–D) and Western blot (E,F). * p < 0.05 compared with HM medium group. # p < 0.05 compared with
HM/GCM CM group. (n = 3–4) (G,H) mRNA levels of PD-L1 and DRD2 were determined by real-time PCR. * p < 0.05
compared with HM medium or BMDMs medium groups. # p < 0.05 compared with HM/GCM CM or BMDM/ACM CM
groups (n = 3).

2.6. Involvement of ERK and STAT3 Signaling Pathways in the Interaction of
GBM-Macrophage-Induced PD-L1 Expression in GBM

We further determined the regulatory mechanism of PD-L1 expression under GBM-
macrophage interaction and whether DRD2 modulates PD-L1 expression in GBM through
these signaling pathways. As shown in Figure 6A, HM/GCM CM-induced increased phos-
phorylation of STAT3 and ERK in human GBM. Similarly, BMDM/ACM CM also increased
STAT3 and ERK phosphorylation in mouse GBM (Figure 6B). Moreover, the enhancements
of HM/GCM CM-induced or BMDM/ACM CM-induced phosphorylated STAT3 expres-
sion were reduced by PAL, RS, or L741626 treatment in human GBM (Figure 6C) and
mouse GBM (Figure 6D). Furthermore, the enhancements of HM/GCM CM-induced or
BMDM/ACM CM-induced PD-L1 expression in GBM were reduced by treatment with
STAT3 inhibitor (S31-201) or MEK/ERK inhibitor (U0126) in human GBM (Figure 6E) and
mouse GBM (Figure 6F). These results indicated that there is a contact-independent mech-
anism of PD-L1 induction in GBM upon interaction between GBM and monocytes. The
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interactions of GBM-macrophage-enhanced PD-L1 expression in GBM were by modulating
the ERK and STAT3 signaling pathways. Our results also indicated that inhibition of DRD2
reduces the upregulation of PD-1 expression and its regulating signaling in GBM.
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Figure 6. ERK and STAT3 signaling pathways are involved in the interaction of GBM-macrophage-induced PD-L1 expression
in GBMs. Human U251 (A) and mouse ALTS1C1 (B) GBM were incubated with HM/GCM CM or BMDM/ACM CM for the
indicated time periods (5, 10, 30, 60, or 120 min). Human U251 (C) and mouse ALTS1C1 (D) GBM were treated with PAL
(20 µM), RS (20 µM), or L741626 (1 µM) and incubated with HM/GCM CM or BMDM/ACM CM. Phosphorylated-STAT3
and phosphorylated ERK expressions were determined by using Western blot analysis. Human U251 (E) and mouse
ALTS1C1 (F) GBM were treated with S31-201 (30 µM) or U0126 (1 µM) and incubated with HM/GCM CM or BMDM/ACM
CM for 48 h. PD-L1 expression was determined by using Western blot analysis. (n = 3–4).

3. Discussion

Our previous study showed that in direct contact interactions of monocyte and GBM
in a GBM-monocyte co-culture system, increased TAMs proliferation and elevated inflam-
matory factor secretion were observed [11], which resulted in gliomagenesis and tumor
invasion [11]. As far as TAMs have been studied, the TAMs are classified as M1 or M2,
which have also been identified to possess anti-tumoral or pro-tumoral activities based
on the distinct characteristics of macrophages [40]. M2-TAMs are poor antigen presenters
but can suppress T cell activation [41]. When more M2-(pro-tumor) macrophages were
found in tumor sites, they increased in number as the tumor progresses [42]. Importantly,
a clinical study has also reported that the TAMs in lower grade glioma were strongly mani-
fested with M1 phenotype [43]. Importantly, a recent report also indicated that decreasing
the tumor-promoting effects of macrophages in GBM could be considered as a potential
strategy for a combination treatment with standard glioma therapies [44]. Recently, it
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has shown that ACT001, an ancient anti-inflammatory drug, reduces the expression of
PD-L1 in glioblastoma, decreases M2 marker, and yet increases M1 marker expressions [45].
Many studies reported that there is a contact-free mechanism between tumor and tumor-
associated cells which induces the immune check point up-regulation. In classical Hodgkin
lymphoma, PD-L1 expression was elevated in monocytes co-cultured with Hodgkin and
Reed–Sternberg (HRS) cells, but not in monocytes cultured with the supernatants of HRS
cells [46]. PD-L1 expression increased on mouse melanoma cells by direct contact with
CD11b positive bone marrow derived stromal cells [47]. Importantly, PD-L1 elevation
in monocytes was observed after culturing with bladder cancer, which did not require
direct contact but required soluble factors secreted by tumor cells [48]. The present study
reported that there is a cell–cell contact-independent mechanism of PD-L1 expression
in GBM underlying the interaction between GBM and TAMs, and DRD2 is involved in
modulating the PD-L1 induction between GBM and its tumor microenvironment.

Many anticancer drugs that target PD-1, such as pembrolizumab (Keytruda®, Merck
KGaA, Darmstadt, Germany) and nivolumab (Opdivo®, Bristol-Myers Squibb company,
New York, NY, USA), have been approved by the Food and Drug Administration (FDA)
in 2014. However, clinical trials of PD-1/PD-L1 antibody immunotherapy for glioma
are relatively delayed and largely remained in phase two (pidilizumab) and phase three
(nivolumab) [49,50]. In addition, two distinct studies, one involving 976 and the other
1052 glioma patients analyzing data from The Cancer Genome Atlas (TCGA) and Chi-
nese Glioma Genome Atlas (CGGA), found that high PD-L1 mRNA expression levels
were associated with significant shorter overall survival of glioma patients [24,51]. The
increase in PD-L1+ TAMs surrounding glioma cells is associated with strong immune
inhibition [27,52]. It has been reported that lower PD-L1 levels in glioma cells are asso-
ciated with neither abating immune inhibition nor better prognosis of glioma, which is
probably due to the linking with elevated PD-L1+ TAMs in the glioma microenviron-
ment [53]. A recent study also indicated that increased dosage of PD-L1 antibody crossed
the blood–brain barrier in order to reach both brain and glioma and, thus, could effectively
suppress GBM growth by activating glioma-infiltrating T cells [54]. Our previous report
found that monocytes that interacted with GBM could promote cell proliferation of TAMs
and enhance cancer motility and gliomagenesis [11]. The present study further provides
information about GBM–TAMs interaction that upregulates PD-L1 expression in GBM and
also demonstrated that PD-L1 overexpressing in GBM enhances the polarization of TAMs
toward the M2 phenotype.

In a clinical study, DRD2 mRNA and protein expressions significantly increased in
GBM samples from human patient biopsies [55]. DRD2 and EGFR have been found to
synergistically promote GBM tumors growth, and a combined inhibition of both DRD2
and EGFR causes a synergistic tumor-killing effect in mouse GBM [32]. Furthermore,
combinations of temozolomide (TMZ) and DRD2 antagonists inhibit TMZ-induced protec-
tive autophagy and exert synergistic suppression of GBM growth [56]. Importantly, the
immunomodulatory activity of the DRD2 antagonist ONC201 has recently been reported
to involve increased circulation and activation of intratumoral natural killer cells, which
may contribute to the antitumor effect exerted by this compound [57,58]. In fact, ONC201
is currently being assessed for the therapeutic treatment of recurrent glioblastoma in a
phase two study [59]. Importantly, it appears from a recent clinical study that weekly oral
administration of the DRD2 antagonist ONC201 is well tolerated in a subset of patients
with recurrent GBM [60]. Our results support the previous findings that the inhibition of
DRD2 by paliperidone reduces GBM growth and prolongs survival in the mouse brain and
decreased PD-L1 expression in GBM as well. We also found that knockdown of DRD2 in
GBM reverses the polarization of M2 phenotype toward M1 phenotype in TAMs.

STAT3 activates target genes that are thought to promote tumor progression, including
cell proliferation, migration, and invasion [61]. Furthermore, STAT3 is found to be over-
expressed in GBM. The activation of STAT3 is associated with poor prognosis in patients
with glioma [62–64]. The administration of a STAT3 pharmacological inhibitor attenuated
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the infiltration of monocytes into glioma [65]. Importantly, a recent report also demon-
strated that the ancient anti-inflammatory drug ACT001 reduces the expression of PD-L1 in
glioblastoma by inhibiting the phosphorylation of STAT3 [45]. We previously reported that
STAT3 signaling is involved in GBM-associated adhesion molecule expression and in mono-
cyte adhesion to GBM [11]. Our previous report has also shown that bradykinin-induced
IL-8 expressions and subsequent GBM migration are regulated by STAT3 signaling [66].
In addition, myeloid cell-associated PD-L1 induction in GBM was also reported to occur
through a STAT3-dependent mechanism [67]. Similarly, activation of STAT3 and ERK
pathways appeared to cause PD-L1 expression in lung adenocarcinoma [68]. Recently,
ERK1/2 and STAT3 signaling pathways have also been reported to play critical roles in
glioma invasiveness [69]. ERK signaling has also been shown to regulate PD-L1-associated
GBM cell malignancy and aggressiveness [70]. It has also been reported that the activation
of ERK signaling inhibits the degradation of PD-L1 and maintains stability of PD-L1 in
GBM [71]. In a clinicopathological analysis, STAT3, ERK, and PD-L1 are associated with
the progression of dermatofibrosarcoma protuberans [72]. The present study supports
the previous studies that PD-L1 expression in GBM is modulated by STAT3 and ERK
signaling pathways.

4. Materials and Methods
4.1. Materials

Paliperidone (DRD2 antagonist) was obtained from Toronto Research Chemicals
(North York, ON, Canada). Risperidone (DRD2 antagonist), L741626 (DRD2 inhibitor),
and S3I-201 (STAT3 inhibitor) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
U0126 (MEK1/2 inhibitor) was obtained from Calbiochem (San Diego, CA, USA). Primary
antibodies for beta-actin (sc-47778), ERK2 (D-2), STAT3 (C-20), p-ERK (E-4), and p-STAT3
(sc-8001-RC768) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Primary antibodies for PD-L1 (13684) were obtained from Cell Signaling Technology
(Danvers, MA, USA). Primary antibodies for GAPDH (SI-G8795) were obtained from
Sigma-Aldrich. The short hairpin (sh)RNAs against DRD2 and Lacz were purchased from
National RNAi Core Facility (NRC) (Academia Sinica, Taipei, Taiwan).

4.2. Animals

Male 8 week old C57BL/6 mice were obtained from the National Laboratory Animal
Center (Taipei, Taiwan) and housed under standard laboratory conditions (21 ± 2 ◦C,
12 h L/D cycle, with food and water available ad libitum). All animal procedures were
performed in accordance with the Institutional Animal Care and Use Committee (IACUC)
of China Medical University (Taichung, Taiwan) (CMUIACUC-2019-139 and CMUIACUC-
2021-159). The mice were intracranially implanted with mouse GBM, and the tumor volume
was examined by using IVIS image. When the mice were observed with tumor growing
out of the skull or with developed neurological symptoms, such as moribund state, these
were indicators for sacrifice [73].

4.3. Intracranial Mouse Glioblastoma (GBM) Injection

C57BL/6 male mice (8 week of age) were obtained from the National Laboratory Ani-
mal Center (Taipei, Taiwan) and housed under standard laboratory conditions (21 ± 2 ◦C,
12 h light-dark cycle with food and water available ad libitum). Mice were anesthetized
and placed in a stereotactic frame, and the skulls were exposed by incision. ALTS1C1
GBMs were freshly prepared and adjusted to 1 × 105 cells/mL before implantation. In each
skull, a hole was made 0.8 mm anterior and 2.5 mm to the right of the bregma, and 2 µl of
GBM cells was injected using a 10 µL Hamilton syringe with a 26S-gage needle mounted
in a stereotactic holder. The syringes were lowered at a depth of 3.5 mm, and the cells were
injected at a rate of 0.4 µL/min. After intracranial implantation, a 5 min waiting period
was observed before slowly withdrawing the syringe to prevent any reflux. The skull was
then cleaned, and the incision was sutured. Tumors were allowed to grow, and the tumor
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volume was examined by using IVIS image once every four days for tumor progression.
Luciferin (Caliper, Hopkinton, MA, USA) was intraperitoneally injected 5 mg per mouse.
The mice were subjected to once daily intraperitoneal injection with paliperidone (PAL;
3 mg/kg) or vehicle until neurological symptoms became evident.

4.4. Cell Culture

Human glioma U251 cells were purchased from the (JCRB NO. IFO50288, Tokyo,
Japan). Human glioma U87 cells, mouse glioma ALTS1C1 cells, and human monocyte
THP-1 were purchased from the Bioresource Collection and Research Center (BCRC No.
60360, 60582 and 60430; Hsinchu, Taiwan). U251 and U87 cells were maintained with
Minimum Essential Medium (MEM), ALTS1C1 cells were maintained with Dulbecco’s
Modified Eagle Medium (DMEM), and THP-1 was maintained with RPMI-1640 medium.
All the culture cells were grown in medium containing 10% fetal bovine serum (FBS),
100 mg/mL streptomycin, and 100 U/mL penicillin (PS). All the cells were incubated at
37 ◦C in a humidified atmosphere containing 5% CO2 and 95% air.

4.5. Differentiation of Human Monocyte and Mouse BMDMs

For human monocyte-differentiated macrophage, 2 × 106 of THP-1 cells was differen-
tiated with 100 nM phorbol 12-myristate 13-acetate (PMA) in 10 mL RPMI-1640 medium
for 3 days. The differentiation of PMA treated cells was enhanced after initial 3 days
stimulus by removing the PMA-containing medium and then incubating the cells in fresh
RPMI-1640 for a further 1 days.

For bone marrow-derived macrophage (BMDM) differentiation, 2 × 106 of bone
marrow cells from the femur and tibiae of C57BL/6 was differentiated in 10 mL macrophage
complete medium (20% L929 conditioned medium, 10% FBS in DMEM/F12 medium) for
6 days. On day 3, another 5 mL of macrophage complete medium was added to each dish
for a further 3 days. For M2-type BMDMs differentiation, the mature BMDMs are then
treated with 20 ng/mL IL-4 and 20 ng/mL IL-13 for 48 h.

4.6. GBM-Macrophage Co-Culture System

The co-culture experiments were performed according to our previous study [11].
U251-GFP and U87-GFP were seeded at 24-well plates (2 × 105 cells/well) in 150 µL phenol
red free Matrigel (Corning, New York, NY, USA) and maintained in a culture medium
condition for 24 h. Then, they were incubated with THP-1 cells (2 × 105/well), and the wells
were gently washed with serum-free medium removing non-adherent THP-1 cells. After
24 h, 3D co-cultured cells were extracted from Matrigel by using Cell Recovery Solution
(Corning) according to the manufacturer’s instructions. The 3D co-cultured cells were
isolated in single cell using 1 mg/mL Collagenase/Dispase (Roche, Basel, Switzerland) in
culture medium and stirred slowly at 37 ◦C for 1 h in the dark. After cell separation, the
cells were washed with serum-free medium, and flow cytometry analysis was undertaken.

4.7. Preparation of Conditioned Medium

Cells from human U251 GBM, mouse ALTS1C1 GBM, human macrophage, or BMDMs
were cultivated in 10 mL complete medium into 10 cm dishes for 24 h, and then the culture
medium was changed to serum free media. Conditioned medium (CM) was collected on
days 1 and 2 and centrifuged at 1500 rpm for 10 min. After centrifugation, the supernatants
were concentrated (10×, 10 kDa filter) and stored at −80 ◦C.

4.8. Cell Transfection

The protocol of cell transfection was performed according to our previous study [74].
GBM cells were cultured on a 6-well plate (1 × 105 cells/well) for 24 h and then re-
placed with serum-free MEM medium (1 mL/well) containing either plasmids (1 µg/mL)
or shRNA (1 ng/mL) that had been pre-incubated with Lipofectamine 3000 (1 µL/mL)
(LF3000; Invitrogen, (Carlsbad, CA, USA)) for 20 min. After transfection at 37 ◦C for
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24 h, LF3000-containing medium was replaced with fresh serum-free MEM medium. The
transfection efficiency was more than 60% [75].

4.9. Flow Cytometry Analysis

For co-culture THP-1 macrophage or BMDMs from brain tumor, the flow cytometric
analysis is based on a BD Cytofix/Cytoperm Plus fixation/permeabilization protocol (BD
Biosciences, San Jose, CA, USA). Cells were blocked for nonspecific binding by using
anti-CD16/CD32 antibody (eBioscience, San Diego, CA, USA) for 20 min, and the cells
were fixed and permeabilized with BD Cytofix/Cytoperm solution for 20 min at 4 ◦C. Cells
were washed with BD Perm/Wash buffer, re-suspended in BD Perm/Wash buffer, and in-
cubated with either anti-CD45-PerCP (BD Biosciences, 550994), anti-CD11b-FITC (11-0118,
BioLegend, San Diego, CA, USA), anti-CD206-PE (h: eBioscience, 12-2069; m: Biolegend,
141705) anti-CD80-APC (m: eBioscience, 1957039), anti-PD-L1-APC (h: Biolegend, 329708;
m: Biolegend, 124312), and isotype IgG control (eBioscience) for 30 min at 4 ◦C. The cells
were then washed with Perm/Wash buffer and re-suspended in FACS buffer.

4.10. Western Blot Analysis

Cells were lysed on ice with radioimmunoprecipitation assay buffer for 30 min. Protein
samples were separated by SDS-PAGE and then transferred to polyvinylidene fluoride
(PVDF) membranes. The membranes were blocked with nonfat milk in PBS (5%) for 1 h and
then probed with a primary antibody at 4 ◦C overnight. After undergoing several washes,
the membranes were incubated with secondary antibodies. The blots were visualized by
enhanced chemiluminescence with Kodak X-OMAT LS film (Eastman Kodak, Rochester,
NY, USA). Quantitative results were obtained by using a computing densitometer and
ImageQuant software (Molecular Dynamics, Sunnyvale, CA, USA). All the whole western
blot figures can be found in the supplementary files.

4.11. RNA Extraction and Quantitative Real-Time PCR

The total RNA was extracted from tissues or cells using TRIzol reagent (Sigma-Aldrich,
St. Louis, MO, USA) and then quantified using the BioDrop spectrophotometer (Cambridge,
UK). The reverse transcription (RT) reaction was performed using the total RNA (2 µg)
converted into cDNA by using the Invitrogen RT Kit (Carlsbad, CA, USA). Quantitative
real-time PCR was performed with the StepOne Plus System (Applied Biosystems) using
SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA). The PCR reactions
were performed as follows: 45 cycles at 95 ◦C for 1 s and 60 ◦C for 20 s. The gene expression
of beta-actin was used as an internal control. The threshold was set within the linear phase
of target gene amplification in order to calculate the cycle number (denoted as CT).

4.12. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6 software (San Diego, CA,
USA). Data are presented as mean ± SEM, and all experiments were performed in at
least three independent replicates. Sample sizes are calculated to allow significance to
be reached. Student’s t-test was used to determine statistical significance (p < 0.05). The
survival of glioma-bearing mice was analyzed by Kaplan–Meier curves, and the differences
were compared by log-rank test analysis.

5. Conclusions

Our results showed that inhibition of DRD2 by the clinical medicine paliperidone
reduced GBM growth, prolonged survival, and decreased PD-L1 expression upon GBM-
macrophage interaction. Moreover, PD-L1 overexpressing in GBM modulates TAMs’
polarization toward M2 phenotype, while the inhibition of DRD2 in GBM re-educates
the polarization of TAMs toward the M1 phenotype. The present study also found that
there is a cell–cell contact-independent mechanism of PD-L1 induction in GBM underlying
the interaction of GBM and macrophage, and DRD2 also modulates the enhancement of



Cancers 2021, 13, 4357 14 of 17

PD-L1 expression in GBM. Our results may provide better understanding of the mechanism
underlying how GBM interacts with macrophages following recruitment and their effects
in GBM progression. Our findings could also help in identifying therapeutic strategies that
can be combined with standard glioma therapies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13174357/s1, Figure S1: Gene expression of PD-L1 (A) and DRD2 (B) in patients with
glioma, Figure S2 Effects of paliperidone treatment in GBMs and macrophage. U87 (A), U251 (B),
HM (C) or BMDMs (D) were treated with PAL, PD-L1 expression were determined by flow cytometer.
HM cells were treated with PAL, CD206 expression was determined by flow cytometer (E). Human
GBM cells was transfected with DRD2 shRNA and treated with HM/GCM, PD-L1 expression was
determined by flow cytometer (F).

Author Contributions: Y.-S.L., B.-R.H., C.L., and D.-Y.L. conceived, designed the studies, and wrote
the paper; Y.-S.L., S.-W.L., C.-K.S., C.-H.L., Y.-C.H., and H.-J.L. performed the experiments; Y.-S.L., B.-
R.H., C.L., C.-W.C., and D.-Y.L. discussed the studies; S.-W.L., C.-K.S., H.-J.L., and Y.-S.L. performed
statistical analyses. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by grants from the Ministry of Science and Technology,
Taiwan (109-2320-B-039-020 and 108-2320-B-039 -015); China Medical University, Taiwan (CMU107-
S-48, CMU 107-ASIA-16, and CMU109-S-14); China Medical University Hospital, Taiwan (DMR-
109-065 and DMR-109-068); and Taichung Tzu Chi Hospital (TTCRD106-04, TTCRD107-103, and
TTCRD109-17).

Institutional Review Board Statement: Ethical review and approval were waived for this study
since the results of the patients with glioma were analyzed by the GSE 4290 dataset. The ethical code
for mice experiment is CMUIACUC-2019-139.

Informed Consent Statement: Patient consent was waived since the results of patients with glioma
were analyzed by the GSE 4290 dataset.

Data Availability Statement: Data are contained within the article or Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.; Marosi, C.; Bogdahn,

U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 2005, 352, 987–996.
[CrossRef]

2. Huang, Z.; Cheng, L.; Guryanova, O.A.; Wu, Q.; Bao, S. Cancer stem cells in glioblastoma-molecular signaling and therapeutic
targeting. Protein Cell 2010, 1, 638–655. [CrossRef]

3. Carlsson, S.K.; Brothers, S.P.; Wahlestedt, C. Emerging treatment strategies for glioblastoma multiforme. EMBO Mol. Med. 2014, 6,
1359–1370. [CrossRef] [PubMed]

4. Quail, D.F.; Joyce, J.A. The microenvironmental landscape of brain tumors. Cancer Cell 2017, 31, 326–341. [CrossRef] [PubMed]
5. Graeber, M.B.; Scheithauer, B.W.; Kreutzberg, G.W. Microglia in brain tumors. Glia 2002, 40, 252–259. [CrossRef] [PubMed]
6. Markovic, D.S.; Vinnakota, K.; Chirasani, S.; Synowitz, M.; Raguet, H.; Stock, K.; Sliwa, M.; Lehmann, S.; Kalin, R.; van Rooijen,

N.; et al. Gliomas induce and exploit microglial mt1-mmp expression for tumor expansion. Proc. Natl. Acad. Sci. USA 2009, 106,
12530–12535. [CrossRef]

7. Charles, N.A.; Holland, E.C.; Gilbertson, R.; Glass, R.; Kettenmann, H. The brain tumor microenvironment. Glia 2012, 60, 502–514.
[CrossRef]

8. Shi, C.; Pamer, E.G. Monocyte recruitment during infection and inflammation. Nat. Rev. Immunol. 2011, 11, 762–774. [CrossRef]
9. Hussain, S.F.; Yang, D.; Suki, D.; Aldape, K.; Grimm, E.; Heimberger, A.B. The role of human glioma-infiltrating mi-

croglia/macrophages in mediating antitumor immune responses. Neuro-Oncology 2006, 8, 261–279. [CrossRef]
10. Pollard, J.W. Tumour-educated macrophages promote tumour progression and metastasis. Nat. Rev. Cancer 2004, 4, 71–78.

[CrossRef]
11. Liu, Y.S.; Lin, H.Y.; Lai, S.W.; Huang, C.Y.; Huang, B.R.; Chen, P.Y.; Wei, K.C.; Lu, D.Y. Mir-181b modulates egfr-dependent vcam-1

expression and monocyte adhesion in glioblastoma. Oncogene 2017, 36, 5006–5022. [CrossRef] [PubMed]
12. He, J.; Hu, Y.; Hu, M.; Li, B. Development of pd-1/pd-l1 pathway in tumor immune microenvironment and treatment for

non-small cell lung cancer. Sci. Rep. 2015, 5, 13110. [CrossRef]
13. Francisco, L.M.; Sage, P.T.; Sharpe, A.H. The pd-1 pathway in tolerance and autoimmunity. Immunol. Rev. 2010, 236, 219–242.

[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers13174357/s1
https://www.mdpi.com/article/10.3390/cancers13174357/s1
http://doi.org/10.1056/NEJMoa043330
http://doi.org/10.1007/s13238-010-0078-y
http://doi.org/10.15252/emmm.201302627
http://www.ncbi.nlm.nih.gov/pubmed/25312641
http://doi.org/10.1016/j.ccell.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28292436
http://doi.org/10.1002/glia.10147
http://www.ncbi.nlm.nih.gov/pubmed/12379912
http://doi.org/10.1073/pnas.0804273106
http://doi.org/10.1002/glia.21264
http://doi.org/10.1038/nri3070
http://doi.org/10.1215/15228517-2006-008
http://doi.org/10.1038/nrc1256
http://doi.org/10.1038/onc.2017.129
http://www.ncbi.nlm.nih.gov/pubmed/28459461
http://doi.org/10.1038/srep13110
http://doi.org/10.1111/j.1600-065X.2010.00923.x
http://www.ncbi.nlm.nih.gov/pubmed/20636820


Cancers 2021, 13, 4357 15 of 17

14. Iwai, Y.; Terawaki, S.; Honjo, T. Pd-1 blockade inhibits hematogenous spread of poorly immunogenic tumor cells by enhanced
recruitment of effector t cells. Int. Immunol. 2005, 17, 133–144. [CrossRef] [PubMed]

15. Intlekofer, A.M.; Thompson, C.B. At the bench: Preclinical rationale for ctla-4 and pd-1 blockade as cancer immunotherapy. J.
Leukoc. Biol. 2013, 94, 25–39. [CrossRef] [PubMed]

16. Topalian, S.L.; Hodi, F.S.; Brahmer, J.R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.F.; Powderly, J.D.; Carvajal, R.D.; Sosman, J.A.;
Atkins, M.B.; et al. Safety, activity, and immune correlates of anti-pd-1 antibody in cancer. N. Engl. J. Med. 2012, 366, 2443–2454.
[CrossRef] [PubMed]

17. Harvey, R.D. Immunologic and clinical effects of targeting pd-1 in lung cancer. Clin. Pharmacol. Ther. 2014, 96, 214–223. [CrossRef]
[PubMed]

18. Schalper, K.A. Pd-l1 expression and tumor-infiltrating lymphocytes: Revisiting the antitumor immune response potential in
breast cancer. Oncoimmunology 2014, 3, e29288. [CrossRef]

19. Mangsbo, S.M.; Sandin, L.C.; Anger, K.; Korman, A.J.; Loskog, A.; Totterman, T.H. Enhanced tumor eradication by combining
ctla-4 or pd-1 blockade with cpg therapy. J. Immunother. 2010, 33, 225–235. [CrossRef]

20. Bloch, O.; Crane, C.A.; Kaur, R.; Safaee, M.; Rutkowski, M.J.; Parsa, A.T. Gliomas promote immunosuppression through induction
of b7-h1 expression in tumor-associated macrophages. Clin. Cancer Res. 2013, 19, 3165–3175. [CrossRef]

21. Liu, Y.; Carlsson, R.; Ambjorn, M.; Hasan, M.; Badn, W.; Darabi, A.; Siesjo, P.; Issazadeh-Navikas, S. Pd-l1 expression by neurons
nearby tumors indicates better prognosis in glioblastoma patients. J. Neurosci. 2013, 33, 14231–14245. [CrossRef] [PubMed]

22. Berghoff, A.S.; Kiesel, B.; Widhalm, G.; Rajky, O.; Ricken, G.; Wohrer, A.; Dieckmann, K.; Filipits, M.; Brandstetter, A.; Weller,
M.; et al. Programmed death ligand 1 expression and tumor-infiltrating lymphocytes in glioblastoma. Neuro-Oncology 2015, 17,
1064–1075. [CrossRef]

23. Nduom, E.K.; Wei, J.; Yaghi, N.K.; Huang, N.; Kong, L.Y.; Gabrusiewicz, K.; Ling, X.; Zhou, S.; Ivan, C.; Chen, J.Q.; et al. Pd-l1
expression and prognostic impact in glioblastoma. Neuro-Oncology 2016, 18, 195–205. [CrossRef] [PubMed]

24. Wang, Z.; Zhang, C.; Liu, X.; Wang, Z.; Sun, L.; Li, G.; Liang, J.; Hu, H.; Liu, Y.; Zhang, W.; et al. Molecular and clinical
characterization of pd-l1 expression at transcriptional level via 976 samples of brain glioma. Oncoimmunology 2016, 5, e1196310.
[CrossRef]

25. Zhai, L.; Ladomersky, E.; Dostal, C.R.; Lauing, K.L.; Swoap, K.; Billingham, L.K.; Gritsina, G.; Wu, M.; McCusker, R.H.; Binder,
D.C.; et al. Non-tumor cell ido1 predominantly contributes to enzyme activity and response to ctla-4/pd-l1 inhibition in mouse
glioblastoma. Brain Behav. Immun. 2017, 62, 24–29. [CrossRef] [PubMed]

26. Xue, S.; Hu, M.; Li, P.; Ma, J.; Xie, L.; Teng, F.; Zhu, Y.; Fan, B.; Mu, D.; Yu, J. Relationship between expression of pd-l1 and tumor
angiogenesis, proliferation, and invasion in glioma. Oncotarget 2017, 8, 49702–49712. [CrossRef]

27. Mirghorbani, M.; Van Gool, S.; Rezaei, N. Myeloid-derived suppressor cells in glioma. Expert Rev. Neurother. 2013, 13, 1395–1406.
[CrossRef]

28. Antonios, J.P.; Soto, H.; Everson, R.G.; Moughon, D.; Orpilla, J.R.; Shin, N.P.; Sedighim, S.; Treger, J.; Odesa, S.; Tucker, A.;
et al. Immunosuppressive tumor-infiltrating myeloid cells mediate adaptive immune resistance via a pd-1/pd-l1 mechanism in
glioblastoma. Neuro-Oncology 2017, 19, 796–807. [CrossRef]

29. Lin, G.M.; Chen, Y.J.; Kuo, D.J.; Jaiteh, L.E.; Wu, Y.C.; Lo, T.S.; Li, Y.H. Cancer incidence in patients with schizophrenia or bipolar
disorder: A nationwide population-based study in taiwan, 1997–2009. Schizophr. Bull. 2013, 39, 407–416. [CrossRef]

30. Dalton, S.O.; Mellemkjaer, L.; Thomassen, L.; Mortensen, P.B.; Johansen, C. Risk for cancer in a cohort of patients hospitalized for
schizophrenia in denmark, 1969–1993. Schizophr. Res. 2005, 75, 315–324. [CrossRef]

31. Alphs, L.; Bossie, C.A.; Sliwa, J.K.; Fu, D.J.; Ma, Y.W.; Hulihan, J. Paliperidone palmitate and risperidone long-acting injectable in
subjects with schizophrenia recently treated with oral risperidone or other oral antipsychotics. Neuropsychiatr. Dis. Treat. 2013, 9,
341–350. [CrossRef] [PubMed]

32. Marino, J.; Caballero, J. Paliperidone extended-release for the treatment of schizophrenia. Pharmacotherapy 2008, 28, 1283–1298.
[CrossRef]

33. Li, J.; Zhu, S.; Kozono, D.; Ng, K.; Futalan, D.; Shen, Y.; Akers, J.C.; Steed, T.; Kushwaha, D.; Schlabach, M.; et al. Genome-wide
shrna screen revealed integrated mitogenic signaling between dopamine receptor d2 (drd2) and epidermal growth factor receptor
(egfr) in glioblastoma. Oncotarget 2014, 5, 882–893. [CrossRef] [PubMed]

34. Bartek, J.; Hodny, Z. Dopamine signaling: Target in glioblastoma. Oncotarget 2014, 5, 1116–1117. [CrossRef] [PubMed]
35. Beaulieu, J.M.; Gainetdinov, R.R. The physiology, signaling, and pharmacology of dopamine receptors. Pharmacol. Rev. 2011, 63,

182–217. [CrossRef] [PubMed]
36. Lammel, S.; Lim, B.K.; Malenka, R.C. Reward and aversion in a heterogeneous midbrain dopamine system. Neuropharmacology

2014, 76 Pt. B, 351–359. [CrossRef]
37. Caragher, S.P.; Shireman, J.M.; Huang, M.; Miska, J.; Atashi, F.; Baisiwala, S.; Hong Park, C.; Saathoff, M.R.; Warnke, L.; Xiao, T.;

et al. Activation of dopamine receptor 2 prompts transcriptomic and metabolic plasticity in glioblastoma. J. Neurosci. 2019, 39,
1982–1993. [CrossRef] [PubMed]

38. Cheng, H.W.; Liang, Y.H.; Kuo, Y.L.; Chuu, C.P.; Lin, C.Y.; Lee, M.H.; Wu, A.T.; Yeh, C.T.; Chen, E.I.; Whang-Peng, J.; et al.
Identification of thioridazine, an antipsychotic drug, as an antiglioblastoma and anticancer stem cell agent using public gene
expression data. Cell Death Dis. 2015, 6, e1753. [CrossRef]

http://doi.org/10.1093/intimm/dxh194
http://www.ncbi.nlm.nih.gov/pubmed/15611321
http://doi.org/10.1189/jlb.1212621
http://www.ncbi.nlm.nih.gov/pubmed/23625198
http://doi.org/10.1056/NEJMoa1200690
http://www.ncbi.nlm.nih.gov/pubmed/22658127
http://doi.org/10.1038/clpt.2014.74
http://www.ncbi.nlm.nih.gov/pubmed/24690569
http://doi.org/10.4161/onci.29288
http://doi.org/10.1097/CJI.0b013e3181c01fcb
http://doi.org/10.1158/1078-0432.CCR-12-3314
http://doi.org/10.1523/JNEUROSCI.5812-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23986257
http://doi.org/10.1093/neuonc/nou307
http://doi.org/10.1093/neuonc/nov172
http://www.ncbi.nlm.nih.gov/pubmed/26323609
http://doi.org/10.1080/2162402X.2016.1196310
http://doi.org/10.1016/j.bbi.2017.01.022
http://www.ncbi.nlm.nih.gov/pubmed/28179106
http://doi.org/10.18632/oncotarget.17922
http://doi.org/10.1586/14737175.2013.857603
http://doi.org/10.1093/neuonc/now287
http://doi.org/10.1093/schbul/sbr162
http://doi.org/10.1016/j.schres.2004.11.009
http://doi.org/10.2147/NDT.S36438
http://www.ncbi.nlm.nih.gov/pubmed/23493643
http://doi.org/10.1592/phco.28.10.1283
http://doi.org/10.18632/oncotarget.1801
http://www.ncbi.nlm.nih.gov/pubmed/24658464
http://doi.org/10.18632/oncotarget.1835
http://www.ncbi.nlm.nih.gov/pubmed/24657925
http://doi.org/10.1124/pr.110.002642
http://www.ncbi.nlm.nih.gov/pubmed/21303898
http://doi.org/10.1016/j.neuropharm.2013.03.019
http://doi.org/10.1523/JNEUROSCI.1589-18.2018
http://www.ncbi.nlm.nih.gov/pubmed/30651332
http://doi.org/10.1038/cddis.2015.77


Cancers 2021, 13, 4357 16 of 17

39. Zhu, Y.; Guignard, F.; Zhao, D.; Liu, L.; Burns, D.K.; Mason, R.P.; Messing, A.; Parada, L.F. Early inactivation of p53 tumor
suppressor gene cooperating with nf1 loss induces malignant astrocytoma. Cancer Cell 2005, 8, 119–130. [CrossRef]

40. Komohara, Y.; Ohnishi, K.; Kuratsu, J.; Takeya, M. Possible involvement of the m2 anti-inflammatory macrophage phenotype in
growth of human gliomas. J. Pathol. 2008, 216, 15–24. [CrossRef]

41. Movahedi, K.; Laoui, D.; Gysemans, C.; Baeten, M.; Stange, G.; Van den Bossche, J.; Mack, M.; Pipeleers, D.; In’t Veld, P.; De
Baetselier, P.; et al. Different tumor microenvironments contain functionally distinct subsets of macrophages derived from
ly6c(high) monocytes. Cancer Res. 2010, 70, 5728–5739. [CrossRef] [PubMed]

42. Mantovani, A.; Sozzani, S.; Locati, M.; Allavena, P.; Sica, A. Macrophage polarization: Tumor-associated macrophages as a
paradigm for polarized m2 mononuclear phagocytes. Trends Immunol. 2002, 23, 549–555. [CrossRef]

43. Tran, C.T.; Wolz, P.; Egensperger, R.; Kosel, S.; Imai, Y.; Bise, K.; Kohsaka, S.; Mehraein, P.; Graeber, M.B. Differential expression
of mhc class ii molecules by microglia and neoplastic astroglia: Relevance for the escape of astrocytoma cells from immune
surveillance. Neuropathol. Appl. Neurobiol. 1998, 24, 293–301. [CrossRef] [PubMed]

44. Feng, X.; Szulzewsky, F.; Yerevanian, A.; Chen, Z.; Heinzmann, D.; Rasmussen, R.D.; Alvarez-Garcia, V.; Kim, Y.; Wang, B.;
Tamagno, I.; et al. Loss of cx3cr1 increases accumulation of inflammatory monocytes and promotes gliomagenesis. Oncotarget
2015, 6, 15077–15094. [CrossRef]

45. Tong, L.; Li, J.; Li, Q.; Wang, X.; Medikonda, R.; Zhao, T.; Li, T.; Ma, H.; Yi, L.; Liu, P.; et al. Act001 reduces the expression of pd-l1
by inhibiting the phosphorylation of stat3 in glioblastoma. Theranostics 2020, 10, 5943–5956. [CrossRef]

46. Kawashima, M.; Carreras, J.; Higuchi, H.; Kotaki, R.; Hoshina, T.; Okuyama, K.; Suzuki, N.; Kakizaki, M.; Miyatake, Y.; Ando, K.;
et al. Pd-l1/l2 protein levels rapidly increase on monocytes via trogocytosis from tumor cells in classical hodgkin lymphoma.
Leukemia 2020, 34, 2405–2417. [CrossRef]

47. Noh, H.; Hu, J.; Wang, X.; Xia, X.; Satelli, A.; Li, S. Immune checkpoint regulator pd-l1 expression on tumor cells by contacting
cd11b positive bone marrow derived stromal cells. Cell Commun. Signal. CCS 2015, 13, 14. [CrossRef]

48. Wang, X.; Ni, S.; Chen, Q.; Ma, L.; Jiao, Z.; Wang, C.; Jia, G. Bladder cancer cells induce immunosuppression of t cells by
supporting pd-l1 expression in tumour macrophages partially through interleukin 10. Cell Biol. Int. 2017, 41, 177–186. [CrossRef]

49. Filley, A.C.; Henriquez, M.; Dey, M. Recurrent glioma clinical trial, checkmate-143: The game is not over yet. Oncotarget 2017, 8,
91779–91794. [CrossRef]

50. Maxwell, R.; Jackson, C.M.; Lim, M. Clinical trials investigating immune checkpoint blockade in glioblastoma. Curr. Treat. Options
Oncol. 2017, 18, 51. [CrossRef]

51. Xue, S.; Song, G.; Yu, J. The prognostic significance of pd-l1 expression in patients with glioma: A meta-analysis. Sci. Rep. 2017, 7,
4231. [CrossRef]

52. Hosseini, M.; Yousefifard, M.; Aziznejad, H.; Nasirinezhad, F. The effect of bone marrow-derived mesenchymal stem cell
transplantation on allodynia and hyperalgesia in neuropathic animals: A systematic review with meta-analysis. Biol. Blood
Marrow Transplant. 2015, 21, 1537–1544. [CrossRef]

53. Jan, C.I.; Tsai, W.C.; Harn, H.J.; Shyu, W.C.; Liu, M.C.; Lu, H.M.; Chiu, S.C.; Cho, D.Y. Predictors of response to autologous
dendritic cell therapy in glioblastoma multiforme. Front. Immunol. 2018, 9, 727. [CrossRef] [PubMed]

54. Guo, H.; Wang, R.; Wang, D.; Wang, S.; Zhou, J.; Chai, Z.; Yao, S.; Li, J.; Lu, L.; Liu, Y.; et al. Deliver anti-pd-l1 into brain by
p-hydroxybenzoic acid to enhance immunotherapeutic effect for glioblastoma. J. Control. Release 2020, 320, 63–72. [CrossRef]

55. Hottinger, A.F.; Stupp, R.; Homicsko, K. Standards of care and novel approaches in the management of glioblastoma multiforme.
Chin. J. Cancer 2014, 33, 32–39. [CrossRef]

56. Liu, Z.; Jiang, X.; Gao, L.; Liu, X.; Li, J.; Huang, X.; Zeng, T. Synergistic suppression of glioblastoma cell growth by combined
application of temozolomide and dopamine d2 receptor antagonists. World Neurosurg. 2019, 128, e468–e477. [CrossRef] [PubMed]

57. Wagner, J.; Kline, C.L.; Zhou, L.; Campbell, K.S.; MacFarlane, A.W.; Olszanski, A.J.; Cai, K.Q.; Hensley, H.H.; Ross, E.A.; Ralff,
M.D.; et al. Dose intensification of trail-inducing onc201 inhibits metastasis and promotes intratumoral nk cell recruitment. J.
Clin. Investig. 2018, 128, 2325–2338. [CrossRef] [PubMed]

58. Stein, M.N.; Malhotra, J.; Tarapore, R.S.; Malhotra, U.; Silk, A.W.; Chan, N.; Rodriguez, L.; Aisner, J.; Aiken, R.D.; Mayer, T.; et al.
Safety and enhanced immunostimulatory activity of the drd2 antagonist onc201 in advanced solid tumor patients with weekly
oral administration. J. Immunother. Cancer 2019, 7, 136. [CrossRef]

59. Arrillaga-Romany, I.; Chi, A.S.; Allen, J.E.; Oster, W.; Wen, P.Y.; Batchelor, T.T. A phase 2 study of the first imipridone onc201, a
selective drd2 antagonist for oncology, administered every three weeks in recurrent glioblastoma. Oncotarget 2017, 8, 79298–79304.
[CrossRef]

60. Arrillaga-Romany, I.; Odia, Y.; Prabhu, V.V.; Tarapore, R.S.; Merdinger, K.; Stogniew, M.; Oster, W.; Allen, J.E.; Mehta, M.;
Batchelor, T.T.; et al. Biological activity of weekly onc201 in adult recurrent glioblastoma patients. Neuro-Oncology 2020, 22, 94–102.
[CrossRef]

61. Yu, H.; Jove, R. The stats of cancer-new molecular targets come of age. Nat. Rev. Cancer 2004, 4, 97–105. [CrossRef]
62. Abou-Ghazal, M.; Yang, D.S.; Qiao, W.; Reina-Ortiz, C.; Wei, J.; Kong, L.Y.; Fuller, G.N.; Hiraoka, N.; Priebe, W.; Sawaya, R.; et al.

The incidence, correlation with tumor-infiltrating inflammation, and prognosis of phosphorylated stat3 expression in human
gliomas. Clin. Cancer Res. 2008, 14, 8228–8235. [CrossRef] [PubMed]

63. Alvarez, J.V.; Mukherjee, N.; Chakravarti, A.; Robe, P.; Zhai, G.; Chakladar, A.; Loeffler, J.; Black, P.; Frank, D.A. A stat3 gene
expression signature in gliomas is associated with a poor prognosis. Transl. Oncogenom. 2007, 2, 99–105.

http://doi.org/10.1016/j.ccr.2005.07.004
http://doi.org/10.1002/path.2370
http://doi.org/10.1158/0008-5472.CAN-09-4672
http://www.ncbi.nlm.nih.gov/pubmed/20570887
http://doi.org/10.1016/S1471-4906(02)02302-5
http://doi.org/10.1046/j.1365-2990.1998.00120.x
http://www.ncbi.nlm.nih.gov/pubmed/9775395
http://doi.org/10.18632/oncotarget.3730
http://doi.org/10.7150/thno.41498
http://doi.org/10.1038/s41375-020-0737-9
http://doi.org/10.1186/s12964-015-0093-y
http://doi.org/10.1002/cbin.10716
http://doi.org/10.18632/oncotarget.21586
http://doi.org/10.1007/s11864-017-0492-y
http://doi.org/10.1038/s41598-017-04023-x
http://doi.org/10.1016/j.bbmt.2015.05.008
http://doi.org/10.3389/fimmu.2018.00727
http://www.ncbi.nlm.nih.gov/pubmed/29910795
http://doi.org/10.1016/j.jconrel.2020.01.005
http://doi.org/10.5732/cjc.013.10207
http://doi.org/10.1016/j.wneu.2019.04.180
http://www.ncbi.nlm.nih.gov/pubmed/31048057
http://doi.org/10.1172/JCI96711
http://www.ncbi.nlm.nih.gov/pubmed/29533922
http://doi.org/10.1186/s40425-019-0599-8
http://doi.org/10.18632/oncotarget.17837
http://doi.org/10.1093/neuonc/noz164
http://doi.org/10.1038/nrc1275
http://doi.org/10.1158/1078-0432.CCR-08-1329
http://www.ncbi.nlm.nih.gov/pubmed/19088040


Cancers 2021, 13, 4357 17 of 17

64. Verhaak, R.G.; Hoadley, K.A.; Purdom, E.; Wang, V.; Qi, Y.; Wilkerson, M.D.; Miller, C.R.; Ding, L.; Golub, T.; Mesirov, J.P.; et al.
Integrated genomic analysis identifies clinically relevant subtypes of glioblastoma characterized by abnormalities in pdgfra, idh1,
egfr, and nf1. Cancer Cell 2010, 17, 98–110. [CrossRef] [PubMed]

65. de Groot, J.; Liang, J.; Kong, L.Y.; Wei, J.; Piao, Y.; Fuller, G.; Qiao, W.; Heimberger, A.B. Modulating antiangiogenic resistance
by inhibiting the signal transducer and activator of transcription 3 pathway in glioblastoma. Oncotarget 2012, 3, 1036–1048.
[CrossRef] [PubMed]

66. Liu, Y.S.; Hsu, J.W.; Lin, H.Y.; Lai, S.W.; Huang, B.R.; Tsai, C.F.; Lu, D.Y. Bradykinin b1 receptor contributes to interleukin-8
production and glioblastoma migration through interaction of stat3 and sp-1. Neuropharmacology 2019, 144, 143–154. [CrossRef]
[PubMed]

67. Lamano, J.B.; Lamano, J.B.; Li, Y.D.; DiDomenico, J.D.; Choy, W.; Veliceasa, D.; Oyon, D.E.; Fakurnejad, S.; Ampie, L.; Kesavabhotla,
K.; et al. Glioblastoma-derived il6 induces immunosuppressive peripheral myeloid cell pd-l1 and promotes tumor growth. Clin.
Cancer Res. 2019, 25, 3643–3657. [CrossRef]

68. Ma, L.; Lv, J.; Dong, Y.; Zhang, X.; Li, X.; Zhang, H.; Nong, J.; Zhang, Q.; Qin, N.; Yang, X.; et al. Pd-l1 expression and its regulation
in lung adenocarcinoma with alk translocation. Interdiscip. Sci. Comput. Life Sci. 2019, 11, 266–272. [CrossRef]

69. Torrisi, F.; Vicario, N.; Spitale, F.M.; Cammarata, F.P.; Minafra, L.; Salvatorelli, L.; Russo, G.; Cuttone, G.; Valable, S.; Gulino,
R.; et al. The role of hypoxia and src tyrosine kinase in glioblastoma invasiveness and radioresistance. Cancers 2020, 12, 2860.
[CrossRef]

70. Qiu, X.Y.; Hu, D.X.; Chen, W.Q.; Chen, R.Q.; Qian, S.R.; Li, C.Y.; Li, Y.J.; Xiong, X.X.; Liu, D.; Pan, F.; et al. Pd-l1 confers
glioblastoma multiforme malignancy via ras binding and ras/erk/emt activation. Biochim. Biophys. Acta Mol. Basis Dis. 2018,
1864, 1754–1769. [CrossRef]

71. Su, L.; Guo, W.; Lou, L.; Nie, S.; Zhang, Q.; Liu, Y.; Chang, Y.; Zhang, X.; Li, Y.; Shen, H. Egfr-erk pathway regulates csn6 to
contribute to pd-l1 expression in glioblastoma. Mol. Carcinog. 2020, 59, 520–532. [CrossRef]

72. Park, S.; Cho, S.; Kim, M.; Park, J.U.; Jeong, E.C.; Choi, E.; Park, J.H.; Lee, C.; Chang, M.S. Dermatofibrosarcoma protuberans: A
retrospective study of clinicopathologic features and related akt/mtor, stat3, erk, cyclin d1, and pd-l1 expression. J. Am. Acad.
Dermatol. 2018, 79, 843–852. [CrossRef] [PubMed]

73. Huang, J.; Li, Y.M.; Cheng, Q.; Vallera, D.A.; Hall, W.A. A novel brain metastasis xenograft model for convectionenhanced
delivery of targeted toxins via a microosmotic pump system enabled for realtime bioluminescence imaging. Mol. Med. Rep. 2015,
12, 5163–5168. [CrossRef] [PubMed]

74. Wu, L.H.; Huang, B.R.; Lai, S.W.; Lin, C.; Lin, H.Y.; Yang, L.Y.; Lu, D.Y. Sirt1 activation by minocycline on regulation of microglial
polarization homeostasis. Aging 2020, 12, 17990–18007. [CrossRef] [PubMed]

75. Huang, B.R.; Chen, T.S.; Bau, D.T.; Chuang, I.C.; Tsai, C.F.; Chang, P.C.; Lu, D.Y. Egfr is a pivotal regulator of thrombin-mediated
inflammation in primary human nucleus pulposus culture. Sci. Rep. 2017, 7, 8578. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ccr.2009.12.020
http://www.ncbi.nlm.nih.gov/pubmed/20129251
http://doi.org/10.18632/oncotarget.663
http://www.ncbi.nlm.nih.gov/pubmed/23013619
http://doi.org/10.1016/j.neuropharm.2018.10.033
http://www.ncbi.nlm.nih.gov/pubmed/30366000
http://doi.org/10.1158/1078-0432.CCR-18-2402
http://doi.org/10.1007/s12539-019-00331-0
http://doi.org/10.3390/cancers12102860
http://doi.org/10.1016/j.bbadis.2018.03.002
http://doi.org/10.1002/mc.23176
http://doi.org/10.1016/j.jaad.2018.05.016
http://www.ncbi.nlm.nih.gov/pubmed/29792909
http://doi.org/10.3892/mmr.2015.4111
http://www.ncbi.nlm.nih.gov/pubmed/26238362
http://doi.org/10.18632/aging.103542
http://www.ncbi.nlm.nih.gov/pubmed/33021962
http://doi.org/10.1038/s41598-017-09122-3
http://www.ncbi.nlm.nih.gov/pubmed/28819180

	Introduction 
	Results 
	Paliperidone Inhibits GBM Growth in Mouse Brain Tumor Model 
	Paliperidone Reduces PD-L1 Expression in GBM of GBM-Macrophage Co-Culture System 
	Expression of DRD2 and PD-L1 in GBM Modulated Tumor-Associated Macrophage Polarization 
	GBM-Primed Macrophage CM Effectively Induces PD-L1 Expression in GBM 
	DRD2 Regulates the Interaction of GBM-Macrophage-Induced PD-L1 Expression in GBMs 
	Involvement of ERK and STAT3 Signaling Pathways in the Interaction of GBM-Macrophage-Induced PD-L1 Expression in GBM 

	Discussion 
	Materials and Methods 
	Materials 
	Animals 
	Intracranial Mouse Glioblastoma (GBM) Injection 
	Cell Culture 
	Differentiation of Human Monocyte and Mouse BMDMs 
	GBM-Macrophage Co-Culture System 
	Preparation of Conditioned Medium 
	Cell Transfection 
	Flow Cytometry Analysis 
	Western Blot Analysis 
	RNA Extraction and Quantitative Real-Time PCR 
	Statistical Analysis 

	Conclusions 
	References

