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Abstract

Glioblastoma, characterized by extensive microvascular proliferation and invasive tumor growth, is one of the most common and
lethal malignancies in adults. Benefits of the conventional anti-angiogenic therapy were only observed in a subset of patients and
limited by diverse relapse mechanism. Fortunately, recent advances in cancer immunotherapy have offered new hope for patients
with glioblastoma. Herein, we reported a novel dual-targeting therapy for glioblastoma through simultaneous blockade of VEGF
and CD47 signaling. Our results showed that VEGFR1D2-SIRPaD1, a VEGF and CD47 bispecific fusion protein, exerted potent
anti-tumor effects via suppressing VEGF-induced angiogenesis and activating macrophage-mediated phagocytosis. Meanwhile,
autophagy was activated by VEGFR1D2-SIRPaD1 through inactivating Akt/mTOR and Erk pathways in glioblastoma cells.
Importantly, autophagy inhibitor or knockdown of autophagy-related protein 5 potentiated VEGFR1D2-SIRPxD1-induced mac-
rophage phagocytosis and cytotoxicity against glioblastoma cells. Moreover, suppression of autophagy led to increased macro-
phage infiltration, angiogenesis inhibition, and tumor cell apoptosis triggered by VEGF and CD47 dual-targeting therapy, thus
eliciting enhanced anti-tumor effects in glioblastoma. Our data revealed that VEGFR1D2-SIRPxD1 alone or in combination with
autophagy inhibitor could effectively elicit potent anti-tumor effects, highlighting potential therapeutic strategies for glioblastoma
through disrupting angiogenetic axis and CD47-SIRP« anti-phagocytic axis alone or in combination with autophagy inhibition.
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Introduction

Glioblastoma is an incurable highly vascularized brain tumor
characterized by aggressive proliferation of endothelial cells
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and abundance of disorganized microvessels causing progres-
sive neurologic deterioration and death (Hu et al. 2016;
Sareddy et al. 2017). Despite the existence of multimodality
therapies, including surgical resection, chemotherapy, and ra-
diotherapy, the prognosis of patients is still poor, with overall
survival (OS) around 2 years (Kim et al. 2015). Thus, novel
strategies for the therapy of glioblastoma patients are urgently
required.

Vascular endothelial growth factor (VEGF), also named as
vascular permeability factor, is a signal protein that promotes
vasculogenesis and angiogenesis. For tumor cells, VEGF is
secreted to promote tumor neo-angiogenesis and tumor pro-
gression (Boucher and Bautch 2014; Senger et al. 1983).
Agents such as small molecular inhibitors, soluble VEGF re-
ceptor (VEGFR) Fc fusion, and monoclonal antibodies have
shown clinical benefits for cancer patients through vessel re-
gression in addition to preventing further VEGF-dependent
outgrowth of new vessels (Bakas et al. 2017; Hagberg et al.
2012; Peng et al. 2017), while, in tumor-bearing hosts, high
levels of VEGF facilitate tumor cells to evade immunological
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destruction by inhibiting the functions of leukocytes including
macrophages, dendritic cells, and T cells (Allen et al. 2017).
Therefore, activating immune responses would benefit the
anti-tumor efficacy of anti-angiogenesis therapy. Emerging
studies have identified CD47 as an immune checkpoint mol-
ecule that is overexpressed and correlated to poor prognosis in
various human tumors, including glioma and glioblastoma
(Chao et al. 2011; Vonderheide 2015; Willingham et al.
2012). CD47 binding to signal-regulatory protein alpha
(SIRPx) initiates signaling cascade that transmits “don’t eat
me” signal to macrophage and renders cancer cells resistant to
immune surveillance (Willingham et al. 2012). Disruption of
CD47-SIRPw axis by fusion protein SIRPFc induced potent
inhibitory effect against various solid tumors (Gholamin et al.
2017; Willingham et al. 2012). Based on the above mecha-
nisms and the potent anti-tumor activities, SIRPxD1, the first
extracellular domain of SIRP«x, was fused to VEGFR1D?2, the
second extracellular domain of VEGFR1, to generate a novel
fusion protein VEGFR1D2-SIRPxD1. And we hypothesized
that simultaneously targeting VEGF and CD47 by
VEGFRI1D2-SIRPaD1 could elicit potent anti-tumor effects
in glioblastoma.

Although clinical trials of anti-angiogenesis and CD47-
based immunotherapy have shown their potential to control
tumor, multiple mechanisms of therapy resistance exist in tu-
mors (De Henau et al. 2016; Jung etal. 2017; Wen et al. 2015).
Autophagy, a lysosome-dependent recycling process, could
be activated in various stress conditions, including hypoxia,
nutrient deprivation, and drug treatment (Rubinsztein et al.
2012). Investigation on the roles of autophagy in cancer ther-
apy is increasing, and several data showed that many anti-
tumor agents, including vismodegib, temozolomide, and
asparaginase, activated cytoprotective autophagy in the treat-
ed cancer cells (Shen et al. 2017; Zeng et al. 2015; Zhang et al.
2016). Anti-angiogenesis agents could decrease and disrupt
tumor vasculature and then reduce blood and nutrition supply,
which subsequently induced cytoprotective autophagy in tu-
mor cells against anti-angiogenesis therapy (Lee et al. 2014;
Stanton et al. 2013). Previous studies reported that hypoxia-
activated autophagy promoted glioblastoma cell and colon
cancer cell survival and adaptation to anti-angiogenic treat-
ment, and inhibition of autophagy by chloroquine could sen-
sitize solid tumors to anti-angiogenic therapy, indicating that
autophagy inhibitors might help prevent resistance to anti-
angiogenic treatment in the clinic (Hu et al. 2012;
Selvakumaran et al. 2013). Meanwhile, CD47 blockade trig-
gered cytoprotective autophagy in non-small cell lung cancer
(NSCLC) and glioblastoma (Zhang et al. 2018; 2017).
Depleting autophagy significantly enhanced the anti-tumor
efficacy of the above targeted agents. Thus, it is conceivable
that autophagy participates in VEGF and CD47 bispecific
therapy and targeting autophagy could increase the anti-
tumor effects of VEGFR1D2-SIRPaD!1 in glioblastoma.
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In this study, we assessed the anti-tumor effects of dual-
targeting therapy through simultaneously disrupting VEGF/
VEGFR angiogenetic axis and CD47-SIRP« anti-phagocytic
axis, and investigated the role of autophagy in VEGF/CD47
dual-specific therapy. Our data for the first time showed that
VEGFRI1D2-SIRPxD1 had significant anti-tumor effects in
glioblastoma via anti-angiogenesis and activation of innate
immune responses. Cytoprotective autophagy was activated
during the treatment and inhibiting autophagy strengthened
the anti-tumor effects by increased recruitment of macro-
phages, and apoptosis activation. The data elucidated the sig-
nificant anti-tumor effects of VEGFR1D2-SIRPxDI1,
highlighting the promising therapeutics for glioblastoma by
targeting VEGF and CD47 alone or in combination with au-
tophagy suppression.

Materials and methods
Reagents and antibodies

Autophagy regulators and detectors were obtained as follows:
rapamycin (Sangon Biotech, China), chloroquine (Sigma-
Aldrich, USA), nonsilencing control (SCR) and ATGS
(siG10726164423) siRNA (Guangzhou RiboBio Co., Ltd.,
China), Cyto-ID and Hoechst 33342 (ENZO Life Science,
Farmingdale, USA), LysoTracker® (Invitrogen, San Diego,
USA). The primary antibodies against (3-actin, SQSTMI,
LC3, PARP, Caspase 9/3, phospho-Akt (Ser473), phospho-
Erk (1/2) (Thr202/Tyr204), phospho-mTOR (Ser2448), and
phospho-4E-BP1/2/3 (Thr45) were purchased from CST
(Cell Signaling Technology, Danvers, USA). HRP-labelled
goat anti-mouse/rabbit IgG were obtained from MR Biotech
(Shanghai, China).

Preparation of VEGFR1D2-SIRPaD1

VEGFRI1D2-SIRP«D1 is a novel fusion protein that consists
of'the second extracellular domain of VEGFR1 (VEGFR1D2)
and the first extracellular domain of SIRPx (SIRPaD1)
(Figure S1). The molecular weight of VEGFR1D2-
SIRPaD1 is 100 KDa. The protein expression vector was
constructed through three steps: (1) artificially designing: the
coding sequence of SIRPxD1 was linked to VEGFR1D2
through the Fc coding sequence of human IgGl; (2)
VEGFRI1D2-Fc-SIRPaD1 expression sequence was synthe-
sized (GenBank accession number MG920788); (3) the syn-
thesized sequence was subcloned into pMac-Fc vector. Then,
stable Chinese hamster ovary (CHO) clone cells with the
highest expression capacity were inoculated into serum-free
BalanCD® CHO growth A medium (Irvine Scientific, CA,
USA) in a T-125 flask. After incubation for 5 days, cells were
split into five T-175 flasks and were further cultured for 7 days



Appl Microbiol Biotechnol (2018) 102:6503-6513

6505

at the same condition before harvesting cell culture superna-
tant. For protein purification, the cell culture supernatant was
centrifuged at 10,000 rpm for 10 min and filtered through a
0.22-um filter before applying to purification in a Protein A
column. After washing the column with 25 mM Tris-HCI, the
protein was eluted with eluting buffer (50 mM acetic acid,
100 mM NaCl), neutralized with 1 M Tris-HCL. The resulting
protein solution was adjusted with 1 M NaOH and then clean-
in-place overnight against phosphate-buffered saline. The pu-
rity was then analyzed by Bis-Tris Gel followed by Simply
Blue staining (Invitrogen, San Diego, USA). The purity of
VEGFR1D2-SIRPxD1 was above 95%, and the content of
endotoxin was below 0.5 U/g.

Cell lines and cell culture

Glioblastoma cells U87 and U251 were obtained from the Cell
Bank of Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences (Shanghai, China) and cultured in
DMEM, containing 10% fetal bovine serum (Invitrogen, San
Diego, USA). Bone marrow-derived macrophage (BMM)
was obtained from male C57BL/6 mice and cultured in
DMEM medium with 100 ng/mL. M-CSF. The purity was
identified by flow cytometry with the stain of APC-labelled
anti-F4/80 antibodies and Alexa Fluor 488-conjugated anti-
CDl11b.

Macrophage-mediated phagocytosis and cytotoxicity
assay

As described previously (Zhang et al. 2017), carboxyfluores-
cein diacetate succinimidyl ester (CFDA-SE) was used to la-
bel U87 cells. BMMs were pre-incubated in medium for 2 h
before adding carboxyfluorescein succinimidyl ester (CFSE)-
labelled glioblastoma cells. Then, the cells were co-incubated
with VEGFR1D2-SIRPxD1 (10 pg/mL) for 2 h. Phagocytic
index was presented as the number of phagocytosed CFSE-
labelled glioblastoma cells in 100 BMMs. LDH release was
used to measure the macrophage-mediated cytotoxicity. After
VEGFRI1D2-SIRPaD1 treatment, the cell culture supernatant
was collected to determine LDH release by CytoTox 96®
Non-Radio. Cytotoxicity Assay (Promega, USA).

Confocal microscopy

Planted on glass bottom cell culture dishes, glioblastoma cells
were treated with VEGFR1D2-SIRPaD1. Then, glioblastoma
cells were stained with Hoechst 33342, Cyto-ID, and
LysoTracker following the manufacturer’s instruction.
Subsequently, the images were got by confocal microscopy
(Carl Zeiss LSM710, Germany) and relative fluoresent inten-
sity was quantified by Image J.

Western blot analysis

After treated with VEGFR1D2-SIRPaD1 for the indicated
time periods, U87 cells and U251 cells were harvested, and
the protein was analyzed by SDS-PAGE. Following blockage
with 5% BSA, the membranes were incubated with primary
antibodies and HRP-labelled secondary antibodies.
Immobilon™ Western Chemiluminescent substrate
(Millipore, Billerica, USA) was purchased to examine the
targeted bands.

In vivo experiment

Nude mice (BALB/c,6 weeks old) were purchased to construct
glioblastoma U87 subcutaneous xenograft model. Well-
established mice were randomly assigned into indicated cohorts.
Chloroquine (50 mg/kg, once a day), VEGFR1D2-SIRPxDI1
(10 mg/kg, twice a week), and temozolomide (20 mg/kg, once a
day) were intraperitoneally injected. Tumor volume was detect-
ed as previously described (Zhang et al. 2017). After 22 days’
administration, tumors were weighed with an electronic bal-
ance. The established glioblastoma intracranial xenograft model
was used to evaluate the effects of VEGFR1D2-SIRPxD1 and/
or chloroquine on the median survival.

Statistical analysis

The results in this work was analyzed by GraphPad Prism 5
(GraphPad Software Inc., USA) and the data were presented
as mean + SD. Comparisons were calculated with Student’s ¢
test and P value below 0.05 was considered statistically
significant.

Results

VEGFR1D2-SIRPaD1 induced potent anti-tumor
effects

We first detect the cytotoxicity of VEGFR1D2-SIRP«D1
against glioblastoma U87 and U251 cells and found that
VEGFRID2-SIRPaD1 showed a negligible effect on the cell
viability at the tested concentration (Figure S2). But
VEGFR1D2-SIRPaD1 significantly increased macrophage
cytotoxicity against glioblastoma cells (Fig. 1a). Compared
with IgG1-Fc, the isotype control, VEGFR1D2-SIRPxD1 in-
creased the phagocytic index from 10.2 to 24.6 in U87 cells
and from 9.0 to 23.4 in U251 cells (Fig. 1b). Subcutaneous
glioblastoma models were constructed to evaluate the anti-
tumor effects of VEGFR1D2-SIRP«DI1 in vivo. Well-
established mice were randomly assigned into four cohorts:
vehicle control, isotype control, VEGFR1D2-SIRP«DI1, tem-
ozolomide. VEGFR1D2-SIRPxD1 decreased the mean tumor
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Fig. 1 VEGFRID2-SIRPaD1 induced valid anti-tumor effect in
glioblastoma. a, b Phagocytic index and LDH release represented
indicated the cytotoxicity and phagocytosis of macrophage against
glioblastoma cells mediated by macrophages. (n=5). ¢ Xenograft
tumor volume during the treatment. d After VEGFR1D2-SIRPaD1
treatment, the tumors were resected and tumor weight was calculated as

volume from day 4 and persisted until the end of the experi-
ment (Fig. 1¢). After the administration, mean tumor weight of
VEGFR1D2-SIRPaD1 group was 178 +50.70 versus 1198 +
237.64 mg of the isotype control (Fig. 1d). Besides, CD31, a
microvessel-specific marker, was employed to detect
microvessel density in the tumor tissues. We found that treat-
ment with VEGFR1D2-SIRPaD1 decreased microvessel den-
sity of xenograft tumors (Fig. le). These data demonstrated
that blocking CD47 and VEGF by VEGFR1D2-SIRPxD1
elicited potent anti-tumor effects in glioblastoma.

VEGFR1D2-SIRPaD1 activated autophagy
and autophagic flux

To detect whether VEGFR1D2-SIRP«D1 triggered autopha-
gy in glioblastoma cells, ultrastructural analysis was used to
observe the formulation of double-membrane-like vesicles,
autophagosomes. After treatment with VEGFR1D2-
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mean = SD (each point indicated an independent value). e The present
images of glioblastoma xonograft tumor tissues under the stain of anti-
CD31 antibody (* 200, magnification x 400). Statistical analysis of the
vessel density was analyzed and normalized to the control and these data
were shown as means + SD (n =3, Student’s 7 test, **P < 0.01)

SIRPaD1, more autophagosomes could be observed in U87
and U251 cells (Fig. 2a). To further confirm autophagy induc-
tion after VEGF and CD47 dual-targeting therapy, LC3 and
SQSTMI1, two autophagy activation-related proteins, were
detected. Figure 2¢ and Figure S3 show the time-dependent
increase of LC3-II while decrease of SQSTMI1 in
VEGFR1D2-SIRPxDI1-treated glioblastoma cells.
Moreover, Cyto-ID, one autophagosome specific green dye,
was used to further confirm the induction of autophagy.
VEGFRI1D2-SIRPxD1 increased the fluorescent puncta lo-
calized in the cytoplasm of cells, which is similar to rapamycin
(Fig. 2d). In fact, autophagosome accumulation only repre-
sented the autophagy induction, not the entire process of au-
tophagy. LysoTracker, one lysosome specific red dye, and
Cyto-ID were used to detect autophagic flux. Three stages of
autophagy, formation of autophagosome at 12 h,
autophagosome fused with lysosome at 24 h, and clearance
of autophagosome in lysosome at 48 h in VEGFR1D2-
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Fig. 2 Autophagy and autophagic flux were activated by VEGFR1D2-
SIRPaD1 in glioblastoma cells. a, b TEM was applied to analyze
autophagosomes in glioblastoma cells after being exposed to
VEGFR1D2-SIRPaDI1 (10 pg/mL) for 24 h. Red arrows point to
autophagosomes. ¢ SQSTM1 and LC3-II expression in tumor cells after
VEGFR1D2-SIRPaDI1 treatment. (3-actin, a loading control.

Cyto-ID

—

Overlay

Oh

6h

12h

iGm

24h

Rapamycin (6 h)

SIRPaD1-treated tumor cells, were observed (Fig. 2e, f and
Figure S4). In addition, ultrastructural analysis of xenograft
tumors showed that VEGFR1D2-SIRPaD1 increased
autophagosome accumulation in vivo (Figure S5).

In brief, VEGF and CD47 bispecific fusion protein
VEGFR1D2-SIRPxD1 activated autophagy both in vitro
and in vivo.

Inhibiting autophagy enhanced
VEGFR1D2-SIRPaD1-induced macrophage
phagocytosis and cytotoxicity

To elucidate the role of autophagy in CD47- and VEGF-
targeting therapy, inhibitor and small interfering RNA
(siRNA) were used to suppress VEGFR1D2-SIRPaDI1-
triggered autophagy. VEGFR1D2-SIRP«xD1-activated au-
tophagy was successfully blocked by chloroquine, a lysosome
inhibitor (Fig. 3a, b). Chloroquine alone did not affect macro-
phage phagocytosis and cytotoxicity, while VEGFR1D2-
SIRPxD1 combined with chloroquine markedly potentiated
macrophage phagocytosis and cytotoxicity when compared to
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Densitometric value was quantified by ImageJ. These data were presented
from three independent experiments). d Representative images of glio-
blastoma cells stained with Cyto-ID after exposed to VEGFR1D2-
SIRPaD1 (10 pg/mL) for the indicated time. e, f Representative images
of glioblastoma cells stained with LysoTracker and Cyto-ID after being
exposed to VEGFR1D2-SIRPaD1 for the indicated time (**P < 0.01)

VEGFR1D2-SIRPaD1 (Fig. 3a, b). To further identify the
critical role of autophagy, we knocked down ATGS, a key
molecule in autophagy activation. As shown in Fig. 3c, d,
compared with the nonsilencing scrambled control, ATGS5-
siRNA selectively reduced ATGS expression (Fig. 3c, d).
Knockdown of ATGS5 also potentiated VEGFRI1D2-
SIRPaD1-triggered macrophage cytotoxicity and phagocyto-
sis against glioblastoma cells.

In summary, these data demonstrated that autophagy deple-
tion reinforced VEGFR 1D2-SIRPD1-induced cytotoxicity and
phagocytosis of macrophage against glioblastoma cells in vitro.

VEGFR1D2-SIRPaD1 inactivated Akt/mTOR and Erk
signaling

To reveal the mechanisms of autophagy induced by
VEGFR1D2-SIRPxD1 in glioblastoma cells, Akt/mTOR
signaling pathway, one key regulator of autophagy, was
explored. VEGFR1D2-SIRPaD1 downregulated phos-
phorylated mTOR in a time-dependent manner (Fig. 4
and Figure S6). Meanwhile, phosphorylated Akt, one
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Fig. 3 Inhibiting autophagy enhanced the anti-tumor effects of
VEGFR1D2-SIRPaD1 in vitro. a, b The expression of LC3-II in glio-
blastoma U87 and U251 cells after being exposed to VEGFR1D2-

upstream activator of mTOR, was also efficiently inhibited
by VEGFRI1D2-SIRPaDI1. Furthermore, phosphorylation
of 4E-BP1, one downstream substrate of mTOR, was also
dramatically reduced after VEGFR1D2-SIRPaD1 admin-
istration. In addition, the phosphorylation of Erk was also
assessed and the data showed that phosphorylated Erk was
decreased in VEGFR1D2-SIRPaD]1-treated glioblastoma
cells. Collectively, these data showed that inactivation of
Akt/mTOR and Erk pathways were most likely participat-
ed in VEGFR1D2-SIRPaD1-activated autophagy in glio-
blastoma U87 and U251 cells.
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transfected with si-A7G5 siRNA. Phagocytic index and LDH release
were presented as means £ SD (n=5, *P <0.05, **P<0.01)

Autophagy inhibition potentiated the anti-tumor
effects of VEGFR1D2-SIRPaD1

Next, we focused on evaluating whether combinational use of
VEGFR1D2-SIRPaD1 and autophagy inhibitor could be a
promising therapeutic for the therapy of glioblastoma therapy.
In subcutaneous xenograft model, analysis of xenograft tumor
volume revealed that there was no remarkable difference be-
tween the vehicle control and chloroquine-treated groups.
However, the volume was significantly reduced from day 4
to the termination in VEGFR1D2-SIRPxD1 and chloroquine
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Fig. 4 Akt/mTOR and Erk signal a
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co-treatment group (P <0.01) (Fig. 5a). After the administra-
tion, tumor weight of the group treated with VEGFR1D2-
SIRPxD1 and chloroquine was 22 +22.80 versus 188 +
78.23 mg of VEGFRI1D2-SIRP«aDI1 alone (P<0.01).
Importantly, two mice were tumor free after 22-day co-treat-
ment of VEGFR1D2-SIRPxD1 and chloroquine (Fig. 5b, ¢).
Furthermore, in intracranial glioblastoma model, we assessed
the effect of co-treatment of VEGFR1D2-SIRPaD1 and chlo-
roquine on the survival. We found that chloroquine alone had
no significant effect on the median survival when compared
with the vehicle control. While median survival of mice treat-
ed with VEGFR1D2-SIRPxD1 was 45 days, mice co-treated
with VEGFR1D2-SIRP«D1 and chloroquine had an extended
median survival of 62 days (Fig. 5d).

These data indicated that combinational use of
VEGFR1D2-SIRPaD1 and autophagy inhibitor induced in-
tensive anti-tumor effects in glioblastoma.

Co-treatment with VEGFR1D2-SIRPaD1

and chloroquine enhanced the effects

of macrophages infiltration, anti-angiogenesis,
and glioblastoma cell apoptosis

Meanwhile, H&E staining showed that combinational use of
VEGFR1D2-SIRPaD1 and autophagy inhibitor elicited in-
creased necrosis of tumor cells (Fig. 6a). CD31, a
microvessel-specific marker, was employed to detect vessel

density in the tumor tissues. Figure S7 showed that treatment
with chloroquine further potentiated the anti-angiogenic ef-
fects of VEGFR1D2-SIRPaD1 in the xenograft tumors (P <
0.01). CD68 (a macrophage marker) was used to examine
macrophage infiltration and the data presented that chloro-
quine increased VEGFR1D2-SIRPxD1-induced macrophage
infiltration into the tumor site (Fig. 6b and Figure S8). To
assess whether apoptosis was participated in the anti-tumor
effect of simultaneously targeting CD47/VEGF and autopha-
gy, PARP and Caspase 3/9 were detected. Western blot pre-
sented that blocking autophagy by chloroquine increased
VEGFR1D2-SIRPaD1-induced cleavage of PARP and
Caspase 3/9 (Fig. 6c, d).

In brief, inhibiting autophagy further enhanced
VEGFR1D2-SIRPxDI1-induced macrophage infiltration,
anti-angiogenic effects, and tumor cell apoptosis, eliciting en-
hanced anti-tumor effects in glioblastoma.

Discussion

The life expectancy of patients with glioblastoma, the most
aggressive and deadly brain tumor, is less than 2 years under
the current standard treatment with surgery, radiation, and
chemotherapies, leading to the current investigation and test-
ing of novel treatment options against glioblastoma (Van Meir
et al. 2010). Targeted therapeutics based on the immunology
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Fig. 5 Inhibiting autophagy
enhanced the anti-tumor effects of
VEGFR1D2-SIRPaDI in
glioblastoma. a Tumor volume
was evaluated twice a week and
showed as means + SD. b, ¢ After
21-day treatment with
VEGFR1D2-SIRPaD1 and
chloroquine, tumor weight was
presented as mean + SD and each
point indicated an independent
one. d The effect of VEGFR1D2-
SIRPxD1 and chloroquine on the
median survival of mice bearing
intracranial glioblastoma (NS, no
significance; *P < 0.05, **P <
0.01)

and biology of the lesion are finding their ways into clinical
application, as evidenced by anti-angiogenic therapy with
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Gholamin et al. 2017). In the current context, VEGFR1D2-
SIRPxD1, a two-in-one fusion protein against VEGF and
CDA47, was generated and employed to determine the anti-
tumor effects in glioblastoma for the first time. And the results
demonstrated that simultaneously targeting VEGF and CD47
elicited potent anti-tumor effects. Another principal finding of
our work was that a cytoprotecitve autophagy was triggered in
VEGFR1D2-SIRPaD1-treated glioblastoma cells.
Autophagy inhibition further potentiated the anti-tumor effect
of the VEGF and CD47 bispecific therapy in glioblastoma.
High tumor vascularity resulting from elevated production
of pro-angiogenic growth factors has led to the development of
therapies targeting pro-angiogenic signaling pathways
(Ellingson et al. 2017; Van Meir et al. 2010). VEGF- and
VEGFR-targeting antibodies or fusion protein was the general
category of anti-angiogenic therapies. Bevacizumab, a human-
ized monoclonal antibody that neutralizes the effect of VEGF,
has been approved for the therapy of recurrent glioblastoma in
2009 and improved progression-free survival (Diaz et al.
2017). After that, series of VEGF- or VEGFR-targeted agents
such as aflibercept, cediranib, and cabozantinib have been gen-
erated for the therapy of glioblastoma (Ellingson et al. 2017,
Jalali et al. 2014; Lombardi et al. 2017). Based on the promis-
ing initial data, VEGFR1D2 was employed to disrupt pro-
angiogenic signaling pathways in malignant glioblastoma in
the present study. Notwithstanding anti-VEGF therapies im-
proved the progression-free survival, the randomized clinical
trials have not demonstrated a significant benefit on the overall
survival for glioblastoma patients (Diaz et al. 2017; Ellingson
etal. 2017). Recently, immunotherapies, including the immune
checkpoint inhibitors that aimed to stimulate the hosts’

Scheme 1 Mechanisms of the
anti-tumor effects induced by
VEGF and CD47 dual-targeting
therapy alone or in combination
with autophagy suppression
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immune systems to clear cancer cells, showed potent effect
on treating hematologic malignancies and solid tumors
(Jeanbart and Swartz 2015; Ramagopal et al. 2017; Sagiv-
Barfi et al. 2015; Sockolosky et al. 2016). Emerging studies
have reported that disruption of CD47/SIRP« resulted in po-
tent anti-tumor efficacy in melanoma, lung cancer, and pancre-
atic ductal adenocarcinoma (Cioffi et al. 2015; Willingham et
al. 2012; Zhang et al. 2017). Importantly, studies have demon-
strated that targeting CD47 by humanized antibody and fusion
protein could be effective therapeutic agents for central ner-
vous system malignancies (Gholamin et al. 2017). Therefore,
VEGFR1D2-SIRPaxD1 was generated to evaluate the anti-
tumor effect of simultaneously blocking VEGF and CD47 in
glioblastoma. The present data indicated that simultaneously
targeting VEGF and CD47 elicited notable anti-tumor effects
through increasing anti-angiogenesis, macrophages infiltra-
tion, and glioblastoma cell apoptosis in glioblastoma.
Although enthusiasm for the progress of the above men-
tioned therapeutics is valuable, it must be tempered because
glioblastoma is reliably becoming resistant during the therapies
(Guo et al. 2017; Mondal et al. 2017). Mechanisms of resis-
tance to molecular-targeted therapies depend on the tumor mi-
croenvironment (De Henau et al. 2016). Based on these, efforts
have been done to increase the anti-tumor effect. Studies have
reported that anti-angiogenic treatment activated autophagy in
glioblastoma cells and colon cancer cells and inhibition of
autophagy sensitized solid tumors to anti-angiogenic therapy
(Hu et al. 2012; Selvakumaran et al. 2013). Another study has
reported that CD47-targeted therapy activated a cytoprotective
autophagy in NSCLC cells, inhibiting autophagy enhanced
blocking CD47-induced efficacy (Zhang et al. 2017). In this
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study, we first found that simultaneous blocking VEGF and
CD47 by VEGFR1D2-SIRPaD1 triggered autophagy via in-
activation of Akt/mTOR signaling. Depletion of autophagy
either by pharmacological agent or by siRNA could enhance
VEGFRI1D2-SIRPxD1-activated cytotoxicity and phagocyto-
sis of macrophages against glioblastoma cells. Autophagy
played a key role in cellular homeostasis. Depletion of autoph-
agy by pharmaceutical inhibitors resulted in a series of cellular
responses, including loss of stem cell characteristic and sup-
pression of cell proliferation, which might disrupt the relative
balance of pro-phagocytic and anti-phagocytic signals, and
further promote macrophage phagocytosis (Boya et al. 2018;
Zengetal. 2015; Zhu et al. 2018). In vivo depleting autophagy
significantly potentiated the anti-tumor effects of VEGFR1D2-
SIRPaD1 and further extended the median survival, indicating
that disruption of VEGF and CD47 signaling in combination
with autophagy inhibition could be a prospective therapy for
glioblastoma.

In conclusion, the present study provided novel therapeutic
strategy for glioblastoma by simultaneously targeting VEGF
and CD47. During VEGF and CD47 bispecific therapy, au-
tophagy and the completed autophagic flux were activated as
a cytoprotective mechanism in glioblastoma cells via inacti-
vation of Akt/mTOR and Erk pathways. Blockade of autoph-
agy induced by dual-targeting fusion protein elicited enhanced
anti-tumor effects in glioblastoma (Scheme 1). Our data re-
vealed the cytoprotective autophagy in VEGF and CD47
bispecific therapy, indicating that the novel treatment for glio-
blastoma: VEGF and CD47 bispecific therapy in combination
with autophagy blockade.
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