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KEY WORDS Abstract Glioma is a primary aggressive brain tumor with high recurrence rate. The poor efficiency of
chemotherapeutic drugs crossing the blood—brain barrier (BBB) is well-known as one of the main chal-

(B}ng; lenges for anti-glioma therapy. Moreover, massive infiltrated tumor-associated macrophages (TAMs) in
ARV—8’25; glioma further thwart the drug efficacy. Herein, a therapeutic nanosystem (SPP-ARV-825) is constructed
Micelle: by incorporating the BRD4-degrading proteolytic targeting chimera (PROTAC) ARV-825 into the com-
M2 macrophage plex micelle (SPP) composed of substance P (SP) peptide-modified poly(ethylene glycol)-poly(p,L-lactic

acid)(SP-PEG-PDLLA) and methoxy poly(ethylene glycol)-poly(p,L-lactic acid) (mPEG-PDLLA, PP),
which could penetrate BBB and target brain tumor. Subsequently, released drug engenders antitumor ef-
fect via attenuating cells proliferation, inducing cells apoptosis and suppressing M2 macrophages polar-
ization through the inhibition of IRF4 promoter transcription and phosphorylation of STAT6, STAT3 and
AKT. Taken together, our work demonstrates the versatile role and therapeutic efficacy of SPP-ARV-825
micelle against glioma, which may provide a novel strategy for glioma therapy in future.
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1. Introduction

Glioma is a primary intracranial malignant tumor derived from
glial cells or precursor cells, accounting for 25.5% of central
nervous system tumors'. Clinically, the treatment of glioma pri-
marily depends on surgical resection, supplemented by post-
operative  chemoradiotherapy™®.  However, gliomas are
characterized by infiltrative growth, strong invasiveness and vague
boundary with surrounding tissue, leading to the failure of com-
plete surgical resection® °. Therefore, chemotherapy has become
a significant adjuvant therapy for glioma treatment, but chemo-
therapy is still confronted with formidable challenges due to the
blood—brain barrier (BBB)7’8. At the same time, glioma can pro-
mote self-growth, metastasis and invasion by recruiting microglia
and peripheral macrophages as well as inducing M2 macrophages
polarization, thus leading to the development of drug resistance
and immunosuppression”'’. Thereupon, to improve the efficiency
of drug delivery and find new therapeutic targets are crucial for
glioma chemotherapy.

Recent studies have revealed that targeting epigenetics process
in tumor could not only regulate tumor proliferation but also
manage tumor microenvironment''"'?. Bromodomain containing
protein 4 (BRD4), one of the bromodomain and extraterminal
domain (BET) family members, is a vital epigenetic regulator and
transcription cofactor. Moreover, BRD4 is closely related to tu-
mors, which is highly expressed in tumors, enriched in the pro-
moter region of oncogenes and involved in tumor cell
proliferation'*'°, BRD4 is also found to be a vital immuno-
modulatory factor'”'?. Due to the important role of BRD4 in
tumor progression, many BRD4 small molecular inhibitors have
been developed for tumor therapy, but their clinic application is
limited by drug resistance and side effects’”*'. Proteolytic tar-
geting chimera (PROTAC) technology, a novel protein blocking
technology based on the ubiquitination—proteasome system (UPS)
to target and induce protein degradation, has potential advantages
in terms of dosage, side effects and drug resistance in drug dis-
covery’>*’. The action form of "PROTAC" consists of the E3
ubiquitin ligase ligand and the target protein ligand, and the two
active ligands are linked together by a specially designed "Linker"
structure. The PROTAC protein-target ligand binds to the target
protein, and the E3 ubiquitin ligand binds to the substrate binding
region of the E3 ubiquitin ligase, enabling the UPS system to
degrade the target protein®>>*. ARV-825, a BRD4 degrader based
on PROTAC technology, can ubiquitinate BRD4 protein via
recruiting E3 ubiquitin ligase, further leading to rapid, effective
and continuous degradation of BRD4 protein, thereby exerting a
powerful anti-tumor effect””. PROTAC-based drugs exhibit
several benefits such as a wider range of action, improved selec-
tivity, higher activity, and can target "non-generic" targets as well
as overcome drug resistance. Compared with traditional
occupancy-driven inhibitors such as JQ1, ARV-825 possesses high
activity with only a small amount, which is conducive to the
reduction of drug resistance’®™?’. It is reported that BRD4-
targeting PROTACS has potential therapeutic benefit for hemato-
logical malignancies including multiple myeloma®®, secondary
AML?’,| lymphoma®**!, and castration-resistant prostate cancer’”
in preclinical studies. However, the large molecular weight and
low water solubility of ARV-825 restrict its further antitumor
activity.

Another difficult challenge in glioma treatment is to overcome
the BBB, which could be resolved with the advent of nano-based

drug delivery system (NDDS)* “°. Polymer micelle is a
commonly used nano-delivery system, which can enhance the
water solubility of drugs, reduce the phagocytosis of the reticu-
loendothelial system and prolong drug circulation time®’ *°.
Furthermore, based on the highly-expressed receptors in vascular
endothelial cells and gliomas, such as neurokinin receptor (NK-
R), ayf; integrin, low-density lipoprotein receptor associated
protein 1 (LRP1), transferrin receptor, ligand modification of
drug-loading micelles is implemented to realize tumor targeted
release of drugs, so as to enhance the therapeutic effect of
glioma*' **. Herein, the substance P (SP) peptide composed of 11
amino acids, which can specifically bind to neurokinin 1 receptor
(NK-1R), is applied to the design of a glioma-targeting nanodrug
delivery system™.

Above all, we used BRD4 as a new target against glioma and
developed a tumor-targeting amphiphilic micelle loading ARV-
825 to treat glioma (Scheme 1). Subsequently, the effects and
mechanisms of drug-loaded micelle on glioma cells proliferation,
apoptosis and M2 macrophages polarization were further
explored. At present, there are few reports on the treatment of
glioma with BRD4 PROTAC nanodrug. We hope the study will
bring forward a novel approach for glioma therapy and provide
research basis for clinical drug investigation.

2. Materials and methods
2.1.  Preparation and characterization of SPP-ARV-825

The thin-film hydration method was adopted to prepare SPP-ARV-
825. ARV-825 (10 mg), SP-PEG-PDLLA (15 mg) and mPEG-
PDLLA (75 mg) were dissolved in acetone, and the mixed solu-
tion was evaporated to form film under reduced pressure on a
rotary evaporator at 55 °C. A certain amount of normal saline was
added to make ARV-825 and SP-PEG-PDLLA/mPEG-PDLLA
self-assemble to form SPP-ARV-825 micelle. Non-targeted
micelle PP-ARV-825 (mass ratio, mPEG-PDLLA:ARV-
825 = 9:1) and blank micelle PP (mass ratio, mPEG-
PDLLA:ARV-825 = 10:0) were prepared by the same method.

The particle size, distribution coefficient and zeta potential of
SPP-ARV-825 were measured by the laser particle size analyzer
(Brookhaven Instruments, USA). The morphology of SPP-ARV-
825 was observed by the transmission electron microscope (TEM)
(FEI, USA). The release of ARV-825 and SPP-ARV-825 were
studied in PBS containing 0.5% Tween 80 at 37 °C. In brief,
0.9 mL of ARV-825 or SPP-ARV-825 were dialyzed (MWCO
3.5K) against 20 mL of PBS containing 0.5% Tween 80. At pre-
designated time points (2, 4, 6, 8, 12, 24, 48, 72 and 96 h), 4 mL of
release medium outside the dialysis bag was taken out as sample
for HPLC analysis, and 4 mL of fresh release medium was
replenished to keep 20 mL of release medium.

2.2.  Cell viability assay

GL261 cells and U87 cells were respectively seeded in 96-well
plates (GL261: 2 x 10> cells per well, U87: 1.2 x 10" cells per
well) and cultured overnight. Cells were treated with different
concentrations of ARV-825, PP-ARV-825 and SPP-ARV-825 for
48 h. Untreated cells served as a control group. Cell viability was
evaluated by MTT assay. Briefly, 20 uL. MTT (5 mg/mL) was
added to incubate for 3—4 h at 37 °C. The medium was then
discarded and 150 pL dimethyl sulfoxide (DMSO) was added to
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Schematic illustration of brain-targeting SPP-ARV-825 micelle against glioma. The mPEG-PDLLA, SP-PEG-PDLLA and ARV-825

were used for the preparation of SPP-ARV-825 micelle with self-assembly way. SPP-ARV-825 was administrated intravenously and reached
tumor site. Subsequently, released ARV-825 acted on BRD4 and induced BRD4 ubiquitination and degradation, further exerting anti-tumor
function by cells proliferation inhibition, apoptosis induction and M2 macrophages polarization suppression.

dissolve crystal for 10 min. The spectroscopic value was measured
at 570 nm with a microplate reader (Thermo Fisher Scientific,
USA).

2.3.  FCM analysis of cell cycle

GL261 and U87 cells were planted on 6 well plates. After being
cultured for 24 h, cells were incubated with media containing
ARV-825 or PP-ARV-825 or SPP-ARV-825. At the predetermined
time, cells were collected and washed once with PBS followed by
adding 1 mL precooled 70% ethanol to fixed cells for 12—24 h at
4 °C. After being washed once with PBS, fixed cells were stained
for 30 min with propidium iodide (PI) staining solution at 37 °C in
dark. The change of cell cycle was detected by flow cytometry
(FCM, ACEA NovoCyte, USA).

2.4.  FCM detection of cells apoptosis

GL261 cells were seeded to 6 well plates at a density 1 x 10° per
well. After cultured overnight, cells were incubated in the pres-
ence of ARV-825 or PP-ARV-825 or SPP-ARV-825. The untreated
cell was regarded as a negative control. After being incubated for
48 h, cells were washed once with PBS and stained with 100 pL
binding buffer containing 5 pL. Annexin V-FITC and 5 pL PI for
15 min followed by adding 400 pL binding buffer to detect cell
apoptosis with FCM.

2.5.  Subcutaneous xenograft model

C57BL/6 mice were subcutaneously inoculated with GL261 cells
at the density of 2 x 10°. When the tumor grew to 5 mm X 5 mm,
the mice were randomly divided into 5 groups: normal saline
(NS), PP, ARV-825, PP-ARV-825 and SPP-ARV-825. The dose of
20 mg/kg ARV-825 was administered to mice intravenously every
two days, for a total of 5 times, and the body weight and tumor
volume of the mice were recorded each time. After the treatment,

tumors of mice in each group were dissected to photograph and
weigh. Furthermore, tumors were fixed with 4% para-
formaldehyde, embedded in paraffin and sliced, and Ki67 staining,
CD31 staining and TUNEL assay were performed to determine
the effect of SPP-ARV-825 on tumor cell proliferation, angio-
genesis and apoptosis, respectively. The vital organs (heart, liver,
spleen, lung, and kidney) and serum were separately collected for
hematoxylin-eosin (HE) staining and blood biochemical assay to
evaluate safely of SPP-ARV-825. All animal experiments were
approved by the Animal Experimental Ethics Committee of State
Key Laboratory Biotherapy (SKLB), Sichuan University (SKLB
2020-1021) and conducted according to the Institutional Animal
Care and Use Guidelines.

2.6.  Glioma orthotopic xenograft model

C57BL/6 mice and BALB/c nude mice anesthetized with chloral
hydrate were fixed with brain stereotactic apparatus. The scalp
was disinfected and cut open to find the anterior fontanel. The
puncture point was located 0.5 mm behind the coronal suture and
2.5 mm to the right of the sagittal suture. The microinjector was
used to enter the needle vertically at the puncture point to 4.5 mm,
and then withdraw the needle for 1 mm. At this position, the
microinjector was slowly pushed to inject 5 pL. GL261-Luc cell
suspension (2 x 10° cells) or U87-Luc cell suspension
(2 x 10° cells) and the injection was completed in 5 min. After
3 min of needle retention, the needle was slowly withdrawn for
2 min. The head skin of mice was sutured with medical suture,
disinfected with iodophor, and all postoperative mice were put
back into the cage. The mice were randomly divided into 5 groups
(NS, PP, ARV-825, PP-ARV-825 and SPP-ARV-825), 4 days after
inoculation with GL261-Luc or 12 days after inoculation with
U87-Luc. The mice were treated with 20 mg/kg of drugs by tail
vein for 5 times. GL261 mice received treatments every two days
and U87 mice received treatments every three days. At the end of
treatment, the mice were anesthetized with isoflurane and
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intraperitoneally injected with 15 mg/mL p-fluorescein potassium
solution at a dose of 10 pL/g. After 10 min, the mice were put into
the small animal imaging instrument to observe the luminescence
and evaluate therapeutic effect of tumor in situ. Subsequently, the
mice were sacrificed and the whole brain was isolated and soaked
in 4% paraformaldehyde for fixation, which was used for HE
staining to observe the tumor in brain tissue. All animal experi-
ments were approved by the Animal Experimental Ethics Com-
mittee of State Key Laboratory Biotherapy (SKLB), Sichuan
University (SKLB 2020-1021) and conducted according to the
Institutional Animal Care and Use Guidelines.

2.7.  FCM analysis of M2-like macrophages

C57BL/6 mice were subcutaneously inoculated with GL261 cells
2 x 106). When the tumor grew to 5 mm x 5 mm, the mice were
randomly divided into two groups: NS and ARV-825 (20 mg/kg).
After the mice were treated for three consecutive days, the tumor
cells were obtained and stained with M2 type macrophage related
antibodies (anti-CD45-PerCP-Cy5.5, anti-CD11b-PE, anti-F4/80-
APC, anti-CD206-FITC) (BD Bioscience, USA) for 30 min at
4 °C, followed by washing and resuspending with PBS to perform
FCM analysis.

The bone marrow derived macrophages (BMDMs) isolated
from healthy female mice (6—8 weeks) were assigned to four
groups (0, IL4, DMSO + IL4 and ARV-825 + IL4). Cells of
DMSO + IL4 group and ARV-825 + IL4 group were respectively
pretreated with DMSO and ARV-825 for 12 h. IL4 was then added
to incubate for 24 h. The IL4 group and DMSO + IL4 group were
the positive control groups and cells in 0 group were untreated. At
the predetermined time point, cells were stained with mouse anti-
CD45-PerCP-Cy5.5, anti-CD11b-FITC, anti-F4/80-PE and anti-
CD206-APC antibodies (BD Bioscience, USA) for 30 min at 4 °C.
Subsequently, stained cells were washed once and resuspended
with PBS for FCM detection.

2.8.  RNA sequencing

The BMDMs were given different treatments (0, IL4,
DMSO + IL4, DRUG + IL4) for the predesigned time followed
by completely removing medium in wells and adding 1 mL trizol
to pipet repeatedly. And total RNA collected was sent to Liebing
Technology Biomedical Co., Ltd. (China) for sequencing analysis.

2.9.  Dual-luciferase reporter assay

The genomic DNA from mouse peritoneal macrophages was
extracted as a PCR template to amplify the promoter of IRF4
(forward primer: 5'-GCGTGCTAGCCCGGGCTCGAGTTGGC
TGAGGAAAATGTTGAAA-3'; reverse primer: 5'-CAGTACCG-
GAATGCCAAGCTTTGCCACCAGCCTCACACTCC-3'), and
subsequently the PCR product was purified to obtain the IRF4
promoter gene. The promoter of IRF4 gene was constructed on the
vector PGL3-Basic to form IRF4-Luc gene expressing firefly
luciferase. RAW264.7 cells were seeded in 12 well plates. After
24 h, the plasmid PRL-SV40 expressing renilla luciferase and the
plasmid IRF4-Luc were cotransfected into cells with lipofect-
amine reagent 3000 (Invitrogen, USA). After 4 h, solution in wells
was replaced with DMEM complete medium with or without

50 ng/mL ARV-825, and placed in the incubator for 48 h. The
activity of luciferase was detected with the double-luciferase re-
porter assay kit (TransGen Biotech, China).

2.10.  Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed via the ChIP Assay Kit (Cell
Signaling Technology, USA) according to the manufacturer’s in-
structions. In brief, RAW264.7 macrophages were incubated with
50 ng/mL ARV-825 and equal volume of DMSO respectively for
48 h, followed by fixing with formaldehyde to crosslink targeted
proteins and DNA to form chromatin complexes. After breaking
cells with ultrasonic, the chromatin complexes were immunopre-
cipitated via anti-BRD4 antibody (Cell Signaling Technology,
USA) or negative control IgG, and subsequently the protein G
magnetic beads were used to capture the antibody—chromatin
complexes formed in front, followed by elution and de-
crosslinking. Finally, the purified DNA samples were detected
by qRT-PCR. The primers are listed in Supporting Information
Table S3.

2.11.  Statistical analysis

In this study, data were presented as mean =+ standard error of
measurement (SEM). The statistical differences of data were
analyzed with the unpaired two-tailed Student ¢ test for two groups
comparison and ordinary one-way analysis of variance for mul-
tiple groups comparison in GraphPad Prism 9.0 software. The P
value of more than 0.05 indicated no significant difference and
was marked with ns. P value of less than 0.05 was considered
statistically significant and were presented as *P < 0.05,
**P < 0.01, ***P < 0.001 and ****P < 0.0001.

3. Results and discussion
3.1.  Preparation and characterization of SPP-ARV-825 micelle

Given the hydrophobicity and the poor availability of ARV-825
drug, we utilized amphiphilic mPEG-PDLLA to deliver ARV-
825. To identify the interaction process of mPEG-PDLLA and
ARV-825, molecular dynamics simulation was performed to
investigate their interaction in water environment (pH 7.0) and
tumor-mimicking environment (pH 6.5). In both environments,
ARV-825 presented constant change in position and conforma-
tions while interacting with mPEG-PDLLA within 10 ns, and
ARV-825 was gradually encapsulated in hydrophobic PDLLA
block of mPEG-PDLLA, ultimately forming a stable drug-
loaded micelle (Fig. 1A and B and Supporting Information Fig.
SIA and B). Then, we synthesized PEG-PDLLA with ring-
opening polymerization and modified SP peptide to PEG-
PDLLA to form targeted SP-PEG-PDLLA (Fig. S2A and B),
whose structure was confirmed via '"H NMR analysis (Sup-
porting Information Fig. S3). Subsequently, drug loaded micelle,
termed as SPP-ARV-825, was fabricated via self-assembly of
mPEG-PDLLA, SP-PEG-PDLLA and ARV-825. Detection of
dynamic lighting scatter (DLS) showed that SPP-ARV-825 had a
small particle size (26.3 £ 0.7 nm) and polydispersity index
(0.157 + 0.035), and zeta potential of —13.3 £ 8.0 mV (Fig. 1C
and D). SPP-ARV-825 presented a uniformly distributed
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spherical structure by the observation of transmission electron
microscope (TEM) (Fig. 1E). Subsequently, drug release
behavior of ARV-825 from SPP-ARV-825 was investigated in
PBST containing 0.5% Tween 80. As shown in Fig. 1F, ARV-
825 was continuously released from SPP-ARV-825 and cumu-
lative release ratio was 26.68% at 96 h, indicating that SPP
improved the release characteristics of ARV-825.

3.2.  SPP-ARV-825-induced cells proliferation inhibition and
cells apoptosis in vitro

‘We then assessed the cytotoxicity of SPP-ARV-825 against glioma
GL261 cells and U87 cells through MTT assay. The results
showed that glioma cells viability was inhibited with increased
drug concentrations, and SPP-ARV-825 treatment induced the
strongest cell cytotoxicity compared with ARV-825 and PP-ARV-
825 (Fig. 2A and Supporting Information Fig. S4). Meanwhile, the
similar inhibitory phenomenon was observed in clone formation
assay of GL261 cells treated with ARV-825, PP-ARV-825 and
SPP-ARV-825, respectively (Fig. 2B and C), indicating that SPP-
ARV-825 exhibited a stronger proliferation inhibition effect than
ARV-825 on glioma cells. The improved effect might be due to the
reason that SPP-ARV-825 could bind to NK-1R on glioma cells,
further relying on receptor-mediated endocytosis to increase the
cellular uptake of ARV-825. Subsequently, the effect of SPP-ARV-

2
ARV-825

mPEG-PDLLA

%’ ARV-825

mPEG-PDLLA

Intensity

1.00 10.00  100.00 1000.00
Diameter (nm)

Figure 1

825 on glioma cell cycle was analyzed by flow cytometry (FCM).
As shown in Fig. 2D and E, GL261 cells incubated with ARV-825,
PP-ARV-825 and SPP-ARV-825 were evidently blocked in GO/G1
phase. The consistent result was also observed in U87 cells
(Supporting Information Fig. S5). Furthermore, the GL261 cells
and U87 cells were stained by EdU and detected by FCM, which
showed that the proliferating cells were significantly decreased
after 24 and 48 h of SPP-ARV-825 incubation (Fig. 2F and G and
Supporting Information Fig. S6), which further verified the
inhibitory effect of SPP-ARV-825 on glioma cells proliferation.
BRD4 is an epigenetic reader that regulates gene transcription
and participates in the process of tumorigenesis and development.
Recently, Tao et al. found that in glioma, highly-expressed BRD4
could regulate Notch 1 transcription, further increasing carcino-
genicity*®. ARV-825, one of the BRD4 inhibitors, has been used in
the BRD4 degradation of various tumors to achieve therapeutic
function*’. In our study, SPP-ARV-825 also exhibited an effective
BRD4 degradation capacity in glioma GL261 and U87 cells
(Fig. 2H and Supporting Information Fig. S7). Interestingly,
BRD4 was obviously degraded in GL261 cells treated with
400 ng/mL SPP-ARV-825 for 48 h, while a significant reduction of
BRD4 protein was observed in U87 cells treated with 6.25 ng/mL
for only 4—6 h. This might be related to the heterogeneity of
tumor cells. In addition, ARV-825 also exhibited an inhibitory
function on cycle-related proteins in triple negative breast
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Characterizations of SPP-ARV-825 micelle. Molecular dynamic simulations of the interaction between mPEG-PDLLA and ARV-825

in (A) water environment (pH = 7) and (B) tumor-mimicking environment (pH = 6.5). Conformations (I), (II), (III), (IV), (V), and (VI)
represented the snapshots of the interaction between mPEG-PDLLA and ARV-825 at 0, 2, 4, 6, 8 and 10 ns, respectively. (C) Particle size
distribution of SPP-ARV-825. (D) Zeta potential of SPP-ARV-825. (E) TEM image of SPP-ARV-825 (scale bar = 50 nm). (F) The cumulative
release of ARV-825 from SPP-ARV-825 micelle (the black line indicated free agent of ARV-825).
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cancer*®. As determined by Western blot (WB) analysis, SPP-
ARV-825 could decrease the expressions of GO/G1 phase pro-
teins, including cyclin D1 and cyclin E1 in GL261 cells and cyclin
D1, CDK4, cyclin E1 and CDK2 in U87 cells (Fig. 2I and Sup-
porting Information Fig. S8), which was consistent with our FCM
analysis results on cell cycle. The above results implied that SPP-
ARV-825 could restrain proliferation of glioma cells, but the
specific pathway of SPP-ARV-825 inhibiting proliferation was

unknown. According to previous literature reports, the tumor cells
proliferation inhibition might be caused by restrained phosphor-
ylation of AKT, MAPK and STAT3**°. Thus, we supposed that
the inhibitory effect of SPP-ARV-825 on glioma cells proliferation
might also be due to blocking of the AKT, MAPK or STAT3
pathway. To verify the point, the expression of related proteins
from glioma cells treated with different concentrations SPP-ARV-
825 for 24 h was analyzed by WB analysis. As illustrated in

C
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Figure 2  Inhibitory effect of SPP-ARV-825 on GL261 cells proliferation in vitro. (A) Cell viabilities of GL261 cells treated with ARV-825, PP-
ARV-825 and SPP-ARV-825 at different concentrations for 48 h (n = 3). (B) Representative images of colony formation of GL261 cells incubated
with 200 ng/mL ARV-825, PP-ARV-825 and SPP-ARV-825. (C) Quantification of colony formation (n = 3). (D) GL261 cells cycle distribution
determined by flow cytometry after treatment with 400 ng/mL ARV-825, PP-ARV-825 and SPP-ARV-825 for 24 h. (E) Quantification of cell cycle
distribution (n = 3). (F) Flow cytometry detection of GL261 cells proliferation after treatment with 400 ng/mL SPP-ARV-825 for 24 and 48 h. (G)
Quantification of Edu positive GL261 cells (n = 3). (H) BRD4 expression detection by Western blot analysis after incubation of GL261 cells with
different concentrations of SPP-ARV-825 for 48 h and with 400 ng/mL SPP-ARV-825 for different time. (I, J) Representative Western blot
analysis of (I) cyclin D1, cyclin E1 and §-action and (J) P-AKT, AKT, P-ERK1/2, ERK1/2, P-STAT3, STAT3 and GAPDH in GL261 cells treated
with different concentrations of SPP-ARV-825 for 24 h. GAPDH or §-action served as a loading control. Data are presented as mean = SEM.
*P < 0.05, ***P < 0.001 and ****P < 0.0001.
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Fig. 2], the expression levels of phosphorylated AKT, ERK1/2 and
STAT3 all descended in a concentration-dependent manner, sug-
gesting that SPP-ARV-825 hindered the proliferation of
GL261 cells through inhibiting AKT, ERK1/2 and STAT3-related
pathways. Similarly, decreased phosphorylation levels of AKT and
ERK1/2 were also found in U87 cells (Supporting Information
Fig. S9).

Inducing cells apoptosis is one of the important strategies to
treat tumor. The effect of SPP-ARV-825 on GL261 cells apoptosis
was detected by FCM. As shown in Fig. 3A and B, compared with
untreated cells, increased apoptosis were observed in cells incu-
bated with ARV-825, PP-ARV-825 and SPP-ARV-825, particu-
larly SPP-ARV-825 group, indicating that targeted nano delivery
systems enhanced antitumor activity of ARV-825. GL261 cells
apoptosis induced by SPP-ARV-825 was further confirmed by the
fact that mitochondrial membrane potential yielded a decline after
SPP-ARV-825 incubation for 48 h (Fig. 3C and D). To investigate
the mechanism of SPP-ARV-825 inducing apoptosis, WB analysis
was used to detect expression levels of apoptosis-related proteins.
As demonstrated in Fig. 3E, SPP-ARV-825 up-regulated the pro-
apoptosis protein Bax, down-regulated anti-apoptosis proteins
MCL-1 and BCL-2, and induced cleavage of caspase 8, caspase 3
and PARP. The results were accordant with previous studies on

BRD4 inhibitor inducing tumor cells apoptosis’ ">,

3.3.  Antitumor efficacy and biosafety evaluation of SPP-ARV-
825 in vivo

To assess the therapeutic effect of SPP-ARV-825 in vivo, we
constructed a subcutaneous GL261 glioma mice model and tumor-
bearing mice were intravenously treated with normal saline (NS),
PP, ARV-825, PP-ARV-825 and SPP-ARV-825 for five times at a
time interval of 1 day (Fig. 4A). At the endpoint, ARV-825, PP-
ARV-825 and SPP-ARV-825 all caused the inhibition of tumor
growth compared with PP or NS, and SPP-ARV-825 exhibited the
strongest tumor inhibition capability, reflecting in the minimum of
tumor weight and volume (Fig. 4B—D). Moreover, SPP-ARV-825
group mice had no obvious body weight change compared with
other group mice (Fig. 4E). The results suggested that SPP-ARV-
825 possessed a better therapeutic effect than other treatments,
which might be attributed to both passive and active targeting of
SPP, allowing more ARV-825 to accumulate at the tumor site and
enhance anti-tumor effect.

We further established orthotopic GL261-Luc and U87-Luc gli-
oma mice model to verify the anti-glioma effect of SPP-ARV-825
(Fig. 4F and Supporting Information Fig. S10A). Similarly, tumor-
bearing mice were randomly divided into five groups (NS, PP,
ARV-825, PP-ARV-825 and SPP-ARV-825) and received corre-
sponding treatment. During the treatment, there were no significant
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changes in the body weight of mice among all treatment groups
(Figs. 4G and S10B), which demonstrated that SPP-ARV-825 had no
evident toxicity and the result was consistent with that of in the
subcutaneous mice model. After the treatment, in vivo imaging re-
sults showed highest biofluorescence intensity in NS group and PP
group, moderate intensity in ARV-825 and PP-ARV-825 and the
lowest intensity in SPP-ARV-825, indicating that SPP-ARV-825
significantly inhibited tumor growth (Figs. 4H and S10C). In addi-
tion, brain tissue slices from each group mice were stained with
hematoxylin-eosin (HE) dye to assess tumor size. The results
demonstrated that brain tumor foci in SPP-ARV-825 group was

significantly smaller than that in the other four groups (Figs. 41 and
S10D), which was in accord with the in vivo imaging results.

To investigate the potential anti-tumor mechanisms of SPP-
ARV-825 in vivo, tumor tissue sections from subcutaneous glioma
mice model were stained with Ki67, CD31 and TUNEL. As
shown in Fig. 5, abundant Ki67 positive cells and CD31 positive
vessels and few TUNEL positive cells were observed in NS and
PP groups, whereas SPP-ARV-825 treatment significantly
decreased Ki67 and CD31 expression and increased TUNEL
positive cells. These results implied that ARV-825 encapsulated in
the targeted SPP micelle can inhibit tumor cells proliferation and
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ARV-825 at ARV-825 dose of 20 mg/kg, respectively. (C) Tumor growth curves for GL261 tumor-bearing mice treated with different formulation
(n = 8). (D) Tumor weights of mice receiving different treatments (n = 8). (E) Changes of body weight of mice in different group during
treatment (n = 8). (F) Schedule of experimental design in mouse orthotopic model. (G) Body weight changes of mice with orthotopic tumor
during treatment (n = 6). (H) In vivo imaging of GL261-Luc tumor-bearing mice at end of different treatments. (I) Representative H&E staining
images of brain tissues from different therapeutic groups (scale bar = 1000 pum). Red circles in images show tumors. Data are presented as
mean = SEM. No significant difference is marked with ns. *P < 0.05, **P < 0.01 and ****P < 0.0001.



2666

Tingting Yang et al.

CD31 Ki67

TUNEL

%k XKk
k3% k%

o)
o
N
o

[e2]
o
w
o

*%k %

per field
N
=}

N

o
-
o

Ki67 positive cells(%)
N
o
Amount of microvessels

o

£ g g

N A

Q.
,?‘Q,
S

%6

A
'%

v
K

Figure 5

ARV-825

e
57

\f 5, ; ""»

PP ARV 825 SPP -ARV-8! 825

IN
<

% % %k %k

* kKK
* %k

:

Apoptotic index (%)
N
<

10
. P
O R P P
e
‘?Q}r X
EL

SPP-ARV-825 enhanced inhibition of cells proliferation and angiogenesis, and induction of apoptosis in GL261 subcutaneous tumor.

(A) Representative Ki67 staining images of tumors form different therapeutic groups (scale bar = 50 um). (B) Representative CD31 staining
images of tumors form different therapeutic groups (scale bar = 50 pum). (C) Representative TUNEL staining images of tumors from different
therapeutic groups (blue: cell nuclei; green: apoptosis cells, scale bar = 50 pm). (D—F) Statistical analysis of (D) Ki67-positive cells, (E)
microvessels number per field and (F) apoptosis cells in different groups (n = 4). Data are presented as mean += SEM. *P < 0.05, **P < 0.01,

*¥*%P < 0.001 and ****P < 0.0001.

angiogenesis more effectively, induce more tumor cells apoptosis,
and further exerting a stronger antitumor effect in vivo.

In addition to efficacy, safety is also very important for nano-
based drug delivery system. The above results had shown that
SPP-ARV-825 administration had no significant influence on mice
body weight. We further evaluated the toxicity of SPP-ARV-825
through HE staining of major organs (heart, liver, spleen, lung and
kidney) and the blood biochemical assays. As shown in Sup-
porting Information Fig. S11, SPP-ARV-825 treatment, similar
with other treatments, has no obvious pathological toxicity to the
major organs. Meanwhile, various blood biochemical indexes
exhibited no significant abnormalities and no significant differ-
ences among groups (Supporting Information Fig. S12), suggest-
ing that SPP-ARV-825 treatment had no obvious liver and kidney
function damage.

3.4.  Inhibition of ARV-825 on M2 macrophage polarization

Tumor-associated macrophages (TAM) are closely related to the
occurrence and development of tumors, and participate in the pro-
cesses of tumor angiogenesis, invasion and metastasis and immune
escape. The phenotype of tumor-associated macrophage is mostly
M2-like macrophage, a polarized macrophage phenotype activated
by IL4, IL-13 and TGF-B, which is involved in tissue repair,

immunosuppression and angiogenesis, further exerting pro-tumor
effects”. At present, several studies showed that BRD4 had a close
relationship with macrophages. BRD4 is revealed to participate in
macrophage inflammatory response and activate tumor-associated
macrophages to promote tumor growth®*. Comparatively, BRD4
inhibitor can reduce the expression of PD-L1 and CSF1 in tumor,
ultimately blocking tumor immunosuppression and hindering tumor
growth®°. However, BRD4 has not been report as a target to
regulate the polarization of macrophages in gliomas and thus
affecting glioma growth. To further understand the anti-glioma
mechanism of ARV-825, we performed FCM analysis of M2 mac-
rophages in subcutaneous tumors of mice treated with ARV-825 and
NS. Results showed that compared with NS groups, the proportion of
M2 macrophages (F4/807CD206") in ARV-825 group was signifi-
cantly reduced (Fig. 6A and B), indicating that ARV-825 could
decrease M2-like macrophages in tumors.

Based on the above result of tumor microenvironment,
further experiment was conducted to confirm if ARV-825 could
inhibit M2 polarization of macrophages in vitro. Firstly, we
selected the concentration of 50 ng/mL ARV-825 for treatment
in subsequent experiments. Under this concentration, macro-
phages viability was not affected and BRD4 could be degraded
(Supporting Information Fig. S13). Then, bone marrow derived
macrophages (BMDMs) were treated by different agents (0, IL4,
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Effect of ARV-825 on macrophages in vitro and in vivo detected by flow cytometry. (A) Flow cytometry detection of M2-type

macrophages in tumor tissues from mice receiving NS and ARV-825 treatment. (B) Statistical analysis of M2-type macrophages (F4/
807CD206") in vivo (n = 3). Data are presented as mean + SEM. (C) Flow cytometry detection of M2-type macrophages in BMDM after
different treatments in vitro. (D) Statistical analysis of M2-type macrophages (F4/807CD206") in BMDM (n = 3). Data are presented as

mean = SEM. **P < 0.01 and ****P < 0.0001.

DMSO + IL4 and ARV-825 + IL4). In the IL4 induced M2
macrophage polarization model, IL4 markedly augmented the
proportion of M2 macrophage compared with untreated cells,
whereas the ARV-825 and IL4 co-treatment group showed a
significant reduction of M2-type macrophages compared to
DMSO and IL4 co-treatment group, suggesting that ARV-825
could inhibit IL4-induced M2 polarization of macrophages
in vitro (Fig. 6C and D). Macrophages polarization is often
accompanied by changes in cell phenotypes including IRF4,
Yml, Argl, CCL17, CCL22 and Mrcl, etc. To explore whether
ARV-825 changed the transcription of M2 macrophages related
genes, we treated BMDMs with ARV-825 in the presence of L4
and subsequently implemented RNA-seq analysis. As shown in
Fig. 7A and B, ARV-825 significantly down-regulated genes
associated with M2 macrophages such as IRF4, Ym1, Argl and
CCL22. To further verify RNA-seq analysis results, RT-qPCR
was performed to detect the effect of ARV-825 on the tran-
scription level of M2-like macrophage markers. As demon-
strated in Fig. 7C, ARV-825 obviously reduced mRNA
expression levels of M2-like macrophage markers (Fizz1, Yml,
Argl, IRF4, Mrcl, CCL17, CCL22, IL10), which was consistent
with RNA-seq analysis results. In addition, a significant increase
of protein expression levels of M2-like macrophage markers
(Fizzl, Ym1+Ym?2, IRF4, Argl), determined by WB assay, was
observed in BMDMs after IL4 treatment, while these proteins
were substantially restrained by ARV-825 treatment (Fig. 7D).
The results were in accord with the mRNA levels detected by
RT-gqPCR, which further validated the inhibitory effect of ARV-
825 on the IL4-induced M2 polarization of macrophages and
implied that inhibition of ARV-825 on M2 macrophage polari-
zation might be another mechanism of its anti-tumor activity.

3.5.  Study on the mechanism of ARV-825 inhibiting M2
macrophages polarization

Through analysis of the TIMER database, we found that increased
BRD4 gene expression, high-density macrophages infiltration and
high-density M2 macrophages infiltration were associated with
poor prognosis of glioma patients, and BRD4 expression was
positively correlated with macrophage infiltration level in gliomas
(Supporting Information Fig. S14). This phenomenon, together
with the inhibition of ARV-825 on M2 macrophage polarization
mentioned above, implied that BRD4 may be associated with M2
macrophages. Meanwhile, in IL4-induced M2 macrophage po-
larization model, IL4 treatment enhanced the mRNA and protein
expression level of BRD4, yet the BRD4 expression was impaired
in the presence of ARV-825 (Supporting Information Fig. S15).
The polarization of macrophages is regulated by gene transcrip-
tion. The transcription factors that promote the M1 macrophage
polarization are STAT1, IRF5, AP-1 and NF-«B, etc., while the
transcription factors that promote the polarization of M2 macro-
phage are STAT6, IRF4, PPARy and C/EBPS, etc.”’ . BRD4, as
a regulator of gene transcription, might participate in macrophages
polarization through regulating the transcription of related gene.
Previous results showed that ARV-825 could significantly down-
regulate the phenotypic gene IRF4 of M2 macrophages. Where-
upon, we speculated that BRD4 might regulate the transcription
factor IRF4 to promote M2 polarization of macrophages, and
ARV-825 could inhibit this effect (Fig. 8A). To verity this point,
IRF4-Luc gene was constructed by inserting the IRF4 gene pro-
moter sequence (—1562 to +122) into the luciferase reporter
vector pGL3-Basic (Fig. 8B), and double luciferase activity
detection was performed subsequently. As shown in Fig. 8C, in
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RAW264.7 macrophages, compared with the only IRF4-Luc
transfection, the ARV-825 and IRF4-Luc transfection co-
treatment significantly reduced the luciferase activity transcribed
by IRF4 promoter. Furthermore, as confirmed by chromatin
immunoprecipitation PCR (ChIP-PCR), BRD4 showed a binding
effect on the promoter of IRF4, whereas ARV-825 inhibited this
effect (Fig. 8D). These results suggested that inhibiting IRF4
transcription was a mechanism of suppression of ARV-825 on M2
macrophage polarization, and BRD4 might participate in the
macrophages polarization process through interaction with IRF4
in gliomas.

Additionally, M2 polarization of macrophages also involves
increased phosphorylation levels of STAT6, STAT3 and AKT"°!,
We found that ARV-825 reduced the phosphorylation levels of
STAT6, STAT3 and AKT (Fig. 8E), implying that ARV-825 might
also attenuate IL4-induced M2 macrophages polarization by
inhibiting the phosphorylation of STAT6, STAT3 and AKT.

Herein, the small size brain-targeting SPP-ARV-825 drug
micelle was developed for glioma therapy. Nanoplatform delivery
system has been widely used for drug delivery due to its

advantages of good bioavailability, sustained drug release and
reduced side effects” °*. As a promising anti-tumor drug candi-
date, the low water solubility of ARV-825 limits its application in
cancer therapy. The mPEG-PDLLA-based micelles greatly
improved the bioavailability of ARV82S5 in the study. The hy-
drophobic PDLLA incorporated insoluble ARV-825 inside the
core structure, and the PEGylated shell structure improved sys-
temic delivery of drug and reduced potential toxicity®. SP peptide
modification endowed drug micelles with the ability to actively
target to the NK-1R overexpressed in endothelial cells and gli-
omas***, meanwhile the unique enhanced permeability and
retention (EPR) effects of nanoparticles enabled passive retention of
drugs at tumor sites®™°”. Therefore, the SPP-micelles were able to
deliver ARV-825 drug through BBB and reach tumor site for glioma
therapy. In vitro, SPP-ARV-825 had shown remarkable effect on
suppressing glioma cell proliferation, blocking cell cycle in GO/G1
phase and inducing cell apoptosis involving multiple pathways. In
vivo, SPP-ARV-825 efficiently attenuated glioma subcutaneous
tumor and xenograft tumor growth, exhibiting stronger anti-tumor
effect than PP-ARV-825 and ARV-825. Tumor proliferation and
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Mechanisms of ARV-825 repressing M2 macrophages polarization. (A) The diagram of BRD4 acting on the IRF4 gene promoter. (B)

The diagram of ARV-825 reducing luciferase gene transcription initiated by the IRF4 promoter through inhibiting BRD4. (C) Relative IRF4
luciferase reporter activity in RAW?264.7 macrophages treated with or without ARV-825 for 48 h detected by dual-luciferase reporter assay
(n = 3). (D) ChIP-qPCR analysis of IRF4 promoter in DMSO or ARV-825 treated RAW264.7 macrophages for 48 h using IgG or anti-BRD4
(n = 3). (E) Western blot analysis of proteins (P-STAT6, STAT6, P-AKT, AKT, P-STAT3 and STAT3) related to M2 macrophages polarization
pathways. Data are presented as mean + SEM. No significant difference is mark with ns. *P < 0.05, **P < 0.01, ***P < 0.001 and

FEEEP < 0.0001.

angiogenesis were significantly suppressed while tumor apoptosis
was promoted by SPP-ARV-825 treatment. Intriguingly, SPP-ARV-
825 provided great benefits for the inhibition of M2 macrophages
polarization via attenuating IRF4 promoter transcription and the
phosphorylation pathways of STAT6, STAT3 and AKT, suggesting
that BRD4 might participate in M2 macrophages polarization by
acting on IRF4 promoter and SPP-ARV-825 might further exert anti-
glioma effect by reducing M2 macrophages in tumor. Thus, our
findings suggest SPP-ARV-825 plays a versatile anti-tumor role
including altering tumor biological behaviors and regulating tumor-
associated macrophages. Taken together, SPP-ARV-825 would be a
promising drug candidate for glioma therapy in future.

4. Conclusions

In summary, we constructed a BRD4 degrader-loaded micelle with
brain targetability and intensively explored its anti-glioma efficacy
and mechanisms in the study. Results demonstrated that the SPP-
ARV-825 micelle could achieve effective anti-tumor effect by
glioma cells proliferation impediment, apoptosis induction and
M2 macrophages polarization reduction in glioma therapy.
Overall, this work proposes a potential strategy for targeted
therapy of glioma and may have a significant impact on BRD4-
targeted cancer treatment.
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