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Efficient drug delivery across the blood-brain barrier is imperative for treating glioblastoma (GBM). This study
utilized the GBM cell membrane to construct a biomimetic targeted nanosystem (GMNPs@AMD/RAPA) that
hierarchically releases the CXCR4 antagonist AMD3100 and the mTOR pathway inhibitor rapamycin (RAPA) for
reprogramming the tumor immune microenvironment and suppressing the progression of GBM. By initially
inhibiting the CXCL12/CXCR4 axis, the tumor microenvironment (TME) was reprogrammed to enhance the

infiltration of cytotoxic T lymphocytes (CTLs) into the TME while suppressing tumor cell survival, proliferation,
and angiogenesis. Subsequently, through further cellular uptake and degradation of the nanoparticles, the mTOR
pathway inhibitor RAPA was released, further suppressing the tumor progression. This study successfully com-
bined chemotherapy and immunotherapy, achieving effective synergistic therapeutic effects, and suppressing the

progression of GBM.

1. Introduction

Glioblastoma (GBM) is one of the most prevalent types of malignant
brain tumor, characterized by its high invasiveness, accounting for
around 49 % of all malignant brain tumors [1]. Treatments of GBM
encounter substantial challenges arising from the distinctive character-
istics of the tumor microenvironment (TME), encompassing the exis-
tence of the blood-brain barrier (BBB) and the immunosuppressive
nature of GBM [2,3]. Additionally, conventional treatments for GBM,
such as chemotherapy and radiation therapy, are likely to exacerbate
immunosuppression, potentially fostering tumor recurrence [4,5]. Even
though the short-term survival rate has seen slight improvement, the
overall prognosis for GBM remains poor, with a median survival of less
than 2 years and a high recurrence rate [6]. Therefore, the development
of innovative targeted therapeutic strategies capable of modulating
immune responses within the TME is crucial for the effective treatment
of GBM.

In recent years, targeting the CXCL12/CXCR4 axis for the reprog-
ramming of the tumor immune microenvironment has emerged as a
highly promising approach in tumor therapeutics [7-10]. The surface
expression of CXCR4 is evident across a range of cell types, encom-
passing stem cells, immune cells, and cancer cells. The CXCL12/CXCR4
axis exerts a crucial influence on multiple physiological processes,
including hematopoiesis, embryonic development, immune response,
and cancer metastasis [11-13]. The accumulation of antigen-specific
CD8" T cells within tumors is a prerequisite for effective immune
therapy. Inhibiting CXCR4 restricts the egress of T cells from TME,
thereby enhancing their retention within the TME, augmenting T cell
quality, and improving the efficacy of immunotherapy [14].

Meanwhile, CXCR4 is widely expressed in cancer cells, promoting
tumor progression, angiogenesis, metastasis, and survival [15], and
CXCR4 antagonists exhibit anti-tumor activity across various malig-
nancies [2,16-20]. In GBM, the CXCL12/CXCR4 axis enhances tumor
growth by facilitating tumor cell proliferation and stimulating tumor
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angiogenesis through vascular endothelial growth factor (VEGF)
released by GBM stem cells [21]. Therefore, by inhibiting the
CXCL12/CXCR4 axis, it is possible to preemptively suppress tumor
progression and influence TME and tumor angiogenesis.

The mammalian target of the rapamycin (mTOR) pathway plays a
crucial role in regulating gene transcription and protein synthesis,
thereby controlling cell proliferation and immune cell differentiation?!.
The PI3K/mTOR pathway, which is frequently hyperactivated in tu-
mors, has been implicated in promoting GBM cell viability, tumor for-
mation, and modulation of tumor metabolism [22]. Consequently, it has
emerged as a prominent focus in anti-cancer therapeutic research [23,
24]. However, excessive utilization of PI3K/mTOR pathway inhibitors
during treatment leads to elevated CXCL12/CXCR4 axis levels, resulting
in acquired resistance and immune suppression [25]. Therefore, simul-
taneous inhibition of CXCR4 and mTOR provides a promising thera-
peutic approach for GBM by modulating the crosstalk between the
PI3K/mTOR pathway and the CXCL12/CXCR4 axis.

Despite the potential of CXCR4 antagonist AMD3100 [26] and mTOR
inhibitor rapamycin (RAPA) in GBM treatment, their widespread clinical
application is limited by suboptimal pharmacokinetics, long-term
toxicity resulting from non-specific targeting, and the existence of BBB
[18,27,28]. Recent progress in medicine has unveiled an intriguing
therapeutic platform —tumor cell membrane-coated nanoparticles [29,
30] - as an effective drug delivery system. Tumor homologous proteins
and cell adhesion-related proteins in cell membrane coatings facilitate
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specific interactions with tumor cells, promoting the adhesion and
internalization of nanoparticles to target cells [31], thereby improving
treatment efficacy, reducing the adverse impact on normal cells, and
minimizing damage to the organisms [32]. U87-MG cell
membrane-coated nanoparticles were utilized for targeted delivery to
homologous tumor sites in mice models, facilitating the intracellular
uptake of DOX (doxorubicin) within tumor cells was reported before
[33]. In the event of immunotherapy, the cell membrane harbors
numerous tumor-associated antigens (TAAs) capable of promoting
anti-tumor immunity and enhancing the effectiveness of immuno-
therapy [29].

In this study, we constructed a nanosystem (GMNPs@AMD/RAPA)
wherein AMD3100 and RAPA were self-assembled into cell membrane-
coated poly (lactic-co-glycolic acid) (PLGA) nanoparticles, enabling the
sequential inhibition of the CXCL12/CXCR4 axis and mTOR signaling
pathway, as shown in Fig. 1. This nanosystem led to the following out-
comes: (1) GMNPs@AMD/RAPA crossed the blood-brain barrier (BBB)
and accumulated in the TME. Additionally, GBM cell membrane coat-
ings presented TAAs, leading to immunostimulation. (2) AMD3100
specifically binding to the CXCR4 protein domains on the cell membrane
surface with higher affinity, facilitates the rapid release of AMD3100
from GMNPs@AMD/RAPA, resulting in the simultaneous inhibition of
tumor cell survival, proliferation, and invasion while increasing the
retention of cytotoxic T lymphocytes (CTLs) in the TME and promoting
the activation of dendritic cells (DCs). (3) Subsequent internalization of
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Fig. 1. Schematic of the therapeutic effect of GMNPs@AMD/RAPA in the TME. a GMNPs@AMD/RAPA, enriched in the tumor TME, first release AMD3100, which
exhibits high affinity to the CXCR4 protein, selectively inhibiting the CXCL12/CXCR4 axis. b Downstream pathways of CXCR4 in tumor cells are inhibited resulting in
the inhibition of tumor progression. ¢ Further internalization of GMNPs@AMD/RAPA into tumor cells, followed by intracellular degradation and release of RAPA,
leading to the inhibition of the mTOR pathway. d Release of AMD3100 in the TME inhibits the egress of CD8" T cells from the TME and increases their infiltration
into the tumor. e TAAs released by tumor apoptosis increase the activation of dendritic cells. Created with BioRender.com.
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GMNPs@AMD/RAPA by tumor cells facilitated intracellular degrada-
tion, resulting in the controlled release of RAPA within tumor cells,
further suppressing the mTOR pathway and inhibiting tumor progres-
sion. This targeted and sequential delivery approach improved drug
utilization, and inhibited crosstalk between the CXCL12/CXCR4 axis
and mTOR pathway, thereby preventing mTOR drug resistance. It also
modulated the tumor immune microenvironment, enhancing the infil-
tration and activation of CD8" T cells, further enhancing anti-tumor
immune responses and inhibiting tumor progression.

2. Materials and methods
2.1. Synthesis and characterization of GMNPs@AMD/RAPA

To prepare NPs loaded with RAPA and AMD3100 (NPs@AMD/
RAPA), 10 mg of 0.67 dL/g acid-terminated 50:50 poly (lactic-co-gly-
colic acid) (PLGA) and 1 mg of RAPA (Rapamycin, Meilunbio) were
dissolved in 1 mL of acetone. The mixture was then sonicated to ensure
thorough mixing. Subsequently, the mixture was added into 3 mL of 1
mg/mL plerixafor octahydrochloride (AMD3100, MedChemExpress) at
4 °C at a rate of 0.3 mL/min using a syringe pump (Aladdin). Acetone
was then volatilized for 2 h while stirring at 800 rpm and then removed
by rotary evaporation under reduced pressure at room temperature
(RT). The resultant NPs@AMD/RAPA were collected through centrifu-
gation at 4 °C. To prepare GBM cell membrane-coated NPs@AMD/RAPA
(GMNPs@AMD/RAPA), U-87 MG cell membranes are extracted by the
cell membrane and cytosol protein extraction kit (Beyotime). The
membrane protein concentration was quantified by employing the BCA
Protein Assay. Subsequently, extracted cell membranes and NPs@AMD/
RAPA were mixed at a 1:1 wt ratio of polymer to membrane protein. The
mixture was sonicated for 2 min and then extruded through a Mini-
Extruder with a 200-nm polycarbonate membrane (Avanti Polar
Lipids). Unless otherwise specified, chemical reagents were purchased
from Sigma-Aldrich (USA).

Size and zeta potential were then detected by a dynamic light scat-
tering spectrometer (DLS, Malvern Zeta Sizer ZEN3600). PDI (poly-
dispersity index) of nanoparticles was analyzed by ZS Xplorer software.
The morphology of the nanoparticles was characterized by an environ-
mental scanning electron microscope (SEM, FEI Quanta 250) and
transmission electron microscope (TEM, HT7700). Drug loading effi-
ciency (LC) and encapsulation efficiency (EE) were evaluated employing
a UV spectrophotometer (SpectraMax M3, MOLECULAR devices).
Loading capacity (LC) = (mass of drug loaded in NPs)/[(mass of NPs)].
EE = (mass of drug loaded in NPs)/(mass of drug in formulation). Drug
release of RAPA and AMD3100 was detected separately by UV spec-
trophotometer at the wavelength of 277 nm and 215 nm.
GMNPs@AMD/RAPA (5 mg/mL, 1 mL) were added to a disposable
dialysis membrane (MWCO: 2000 Da) with 15 mL PBST as the release
medium. At different time points, 1.5 mL of the release medium was
replaced for analysis.

SDS-PAGE, Western blotting, and proteomic analysis were employed
to evaluate the inherent biological functional proteins within the cell
membrane coating of GMNPs. The Western blotting analysis utilized
anti-integrin alpha 5 antibody (Abcam, ab112183), anti-integrin beta 1
antibody (Abcam, ab183666), anti-integrin alpha 3 antibody (Pro-
teintech, 66070-1g), CD44 antibody (Proteintech, 60224-1-Ig), goat anti-
rabbit IgG H&L (HRP) (Abcam, ab205718), goat anti-mouse IgG H&L
(HRP) (Abcam, ab205719), anti-integrin alpha 5 antibody (Abcam,
ab112183).

2.2. Cell culture

U-87 MG cells were cultured in Minimum Essential Medium (MEM)
supplemented with Non-Essential Amino Acids, 10 % fetal bovine serum
(FBS), and 1 % penicillin-streptomycin at 37 °C in 5 % CO,. U-87 MG
cells (Procell, China), U-87 MG-Luc cells (IMMOCELL, China), G422

Materials Today Bio 28 (2024) 101222

cells (IMMOCELL, China), G422-Luc cells (IMMOCELL, China), bEnd.3
cells (Procell, China), and RAW264.7 cells (ATCC, USA), were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10
% FBS, and 1 % PS. Reagents used for cell culture were purchased from
Thermo Fisher Scientific (USA).

2.3. Cellular uptake

The bEnd.3 cells were incubated with 0.1 mg/mL NPs and GMNPs,
respectively. Flow cytometry was employed to quantify the intracel-
lular. The data collected from the flow cytometer (BD FACSVerse™)
were processed using FlowJo software to calculate the mean fluores-
cence intensity (MFI).

2.4. In vitro blood-brain barrier model construction

To construct the in vitro blood-brain barrier (BBB) model, 5x10%
bEnd.3 cells were seeded on 12-well Transwell inserts with 3.0 pm
polycarbonate membrane precoated with Matrigel (BD, 356234). 10° U-
87 MG cells per well were concurrently seeded in the lower chambers.
The transendothelial electrical resistance (TEER) values were measured
using a volt-ohmmeter (Millicell ERS-2, Merck), and wells with TEER
values exceeding 150 Q cm? were selected for subsequent experiments.
bEnd.3 and U-87 MG cell membranes were stained with DiD (1,1’-Dio-
ctadecyl-3,3,3',3-Tetramethylindodicarbocyanine, Invitrogen). A total
of 100 pL of 1 mg/mL DiO (3,3-Dioctadecyloxacarbocyanine Perchlo-
rate, Invitrogen) loaded NPs and GMNPs were separately introduced
into the upper chambers of the Transwell system. After incubation for 4
h, the cellular uptake was characterized by CLSM. Flow cytometry was
employed to assess U-87 MG cellular uptake quantitatively.

2.5. Construction of the orthotopic GBM model and evaluation of
bioluminescence signals for brain tumor progression

The orthotopic intracranial GBM model was established through
stereotaxic injection of U-87 MG-Luc cells or G422-Luc cells into male
nude mice or C57BL/6 mice aged 6-8 weeks. 4x10° GBM cells were
injected into the mice’s brains (Medio-Lateral = —1.5 mm, Antero-
Posterior = 1.5 mm, Dorso-Ventral = —3.5 mm, relative to bregma)
using a sterile 5 yL. Hamilton syringe attached to the Rotational Digital
Stereotaxic Frame (RWD Life Science). Following the injection, the in-
cisions on the mice’s scalps were sutured, and their recovery was
monitored. For the assessment of brain tumor development, the mice
were intraperitoneally injected with 15 mg/mL of D-Luciferin potassium
salt solution (Beyotime), with a dosage of 10 pL per gram of body
weight. Tumors were visualized 15-20 min later using the In Vivo Im-
aging System Spectrum (IVIS, Perkin Elmer) to detect the biolumines-
cence signal.

2.6. In vivo biodistribution analysis and therapeutic intervention in GBM

125 uL of DiR (1,1-Dioctadecyl-3,3,3',3-Tetramethylindo-
tricarbocyanine Iodide, Invitrogen)-labeled nanoparticles suspended in
PBS were administered to the mice via a mice tail vein injection device.
The distribution of fluorescent signals in the mice was observed and
analyzed using the IVIS. After the intravenous injection, the mice were
euthanized, and the organs were subjected to IVIS imaging. Fluorescent
intensity within regions of interest (ROIs) was quantified using the
PerkinElmer IVIS Spectrum software. 125 pL of 1 mg/mL nanoparticles
were administered to tumor-bearing C57BL/6 mice via tail vein in-
jections at 48-h intervals, and the progression of the tumor was assessed
by detecting bioluminescent signals using the IVIS system.

2.7. Hematoxylin and eosin (H&E) staining of animal tissues

5 pm-thick paraffin sections of the harvested organs were obtained
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using a rotary microtome (Leica RM2265) for H&E staining. For cryo-
sectioning, the tissues were sectioned into 10 pm-thick slices using a
cryostat (CryoStar NX70). Following staining, the tissue sections un-
derwent a dehydration process, were mounted with coverslips, and
imaged using a microscope (Nikon Eclipse Ti2-E).

2.8. Effects of GMNPs@AMD/RAPA on cell invasion

The impact of nanoparticles on the invasive behavior of GBM cells
towards brain microvascular endothelial cells (BMECs) was investigated
utilizing 8.0-pm Transwell inserts. 1x10* U-87 MG cells were seeded
onto the 8.0-pm polycarbonate membranes 24-well Transwell insert pre-
coated with Matrigel (BD, 356234). 2x10* bEnd.3 cells per well were
seeded in the lower chamber. The upper chamber was filled with 200 pl
serum-free culture medium 0.1 mg/mL nanoparticle solution, while the
lower chamber contained 500 pl culture medium supplemented with 10
% serum. After 24 h of incubation, the cells on the apical surface of the
inserts were gently eliminated. The remaining cells on the basal surface
of the inserts were stained with a crystal violet staining solution
(Beyotime). Observation of the stained cells was performed using a
microscope, and the extent of cell invasion was quantitatively assessed
using ImageJ.

2.9. Cellular endocytosis mechanism of GMNPs

BEnd.3 cells were incubated with GMNPs for 2 h to investigate the
endocytic pathways. Before incubation, the cells were stained with the
membrane dye DiD and pre-treated with 5.7 pM hydroxy-dynasore
(MCE), 5 pM blebbistatin (MCE), 10 pM chlorpromazine (MCE), or 10
pM cytochalasin D (Aladdin) for 60 min at 37 °C followed by charac-
terization with CLSM. The Colocalization Finder plugin of the ImageJ
software was used to calculate the colocalization coefficients.

2.10. In vitro lysosomal escape of GMNPs

RAW 264.7 or U-87 MG cells in confocal dishes were incubated with
Lyso-Tracker red. Nuclei were stained with Hoechst 33342 solution. NPs
and GMNPs were then incubated with the stained cells and observed
with CLSM to study the colocalization of lysosomes and nanoparticles.

2.11. Flow cytometry analysis of mice brain tissue

C57BL/6 mice were euthanized for brain tissue collection. The brain
tissue was minced using scissors and processed into a single-cell sus-
pension. The suspension was then incubated with anti-mice APC anti-
mice CD3 (Biolegend, 100236), FITC anti-mice CD8b.2 (Biolegend,
140404), and PE anti-mouse CD4 (Biolegend, 100408) Antibody anti-
bodies for T cell staining, or with PE anti-mice CD11lc (Biolegend,
117308) and APC anti-mice CD86 (Biolegend, 105012) antibodies for
dendritic cell staining. Use a flow cytometer (BD FACSVerse™) to
characterize stained cells and FlowJo software to analyze data.

2.12. Immunohistochemical staining of vascular in mice brain tissue

5 pm-thick mice brain paraffin sections were prepared for Immu-
nohistochemical (IHC) staining. The sections were incubated with the
primary antibody against Vascular Endothelial Growth Factor Receptor
2 (VEGFR2) (Abcam, ab2349) after antigen retrieval and blocking.
Subsequently, the sections were treated with 3 % Hy0, and incubated
with the secondary antibody (Proteintech, PK10006). DAB staining was
performed for VEGFR2, and hematoxylin staining was used for nuclear
staining.

2.13. Animal care

All animals used in this study were provided by the Laboratory
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Animal Research Unit (LARU) and were conducted following the regu-
lations of the Department of Health. All animal experiments received the
approval from Animal Research Ethics Sub-Committee (AEC, #A-0828).
When mice displayed advanced tumor burden symptoms, such as weight
loss exceeding 20 %, a hunched posture, prominent cranial bones, and
pronounced neurological symptoms, euthanasia was conducted to
minimize suffering and ensure compliance with ethical considerations.

2.14. Statistical analysis

Data were subjected to statistical analysis using GraphPad Prism
9.5.0. Statistical tests such as Student’s t-test, one-way ANOVA, and two-
way ANOVA were employed where appropriate. The results are pre-
sented as mean + standard deviation (SD). *p < 0.05; **p < 0.01; ***p
< 0.001; ****p < 0.0001; ns, not significant.

3. Results

3.1. Synthesis and characterization of the GMNPs@AMD/RAPA
nanosystem

The synthesis of the GMNPs@AMD/RAPA nanosystem is illustrated
in Fig. 2a. First, the GBM cell membrane-camouflaged nanoparticles
(GMNPs) were synthesized as the nanocarrier. As shown in Fig. 2b and c,
DLS measurements revealed that the particle sizes of the PLGA cores
(NPs) and GMNPs were 140.1 + 1.940 nm (PDI = 0.09951) and 151 +
1.718 nm (PDI = 0.1078), respectively and the surface zeta potentials
were —49.4 + 6.180 mV and —35.43 + 2.984 mV, respectively. The zeta
potential of NPs loaded with AMD3100 (NPs@AMD) is 14.96 + 1.025
mV, indicating successful electrostatic adsorption of positively charged
AMD3100 onto the NPs. With the positive charged AMD3100 in
formulation, the size of the nanoparticles had slightly condensed to
123.6 + 2.487 nm (PDI = 0.05349). The size and the zeta potential of
GMNPs@AMD/RAPA were measured at 153.4 + 1.076 nm (PDI =
0.2609) and —14.7 + 1.386 mV, indicating a decrease in negative
charge due to the loading of AMD3100. The results obtained from SEM
(Fig. S2) and TEM (Fig. 2e) analysis indicated that GMNPs possessed
relatively uniform particle size and exhibited a core (PLGA) - shell (GBM
cell membrane) structure. This observation confirmed the successful
construction of GMNPs. Fig. 2d demonstrates that GMNPs maintain a
constant size in 4 °C PBS for 6 weeks, indicating their long-term storage
stability of the cell membrane coating. Moreover, fluorescence co-
localization imaging of the NPs core and GBM cell membrane coating
(GCM) of GMNPs after washing with PBS and 50 % FBS-PBS solution,
revealed the stability of the cell membrane coating in serum (Fig. 2f).

To elucidate the protein composition associated with the cell mem-
brane coating, we conducted proteomic analysis on GMNPs. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis
was employed to reveal the absence of significant protein degradation
after the coating process (Fig. 2j). Gene Ontology (GO) analysis of the
GMNPs revealed a significant enrichment of cell adhesion related
membrane proteins thereby conferring biomimetic attributes to the
nanoparticles (Fig. 2g). The tumor cell adhesion-related membrane
proteins identified by the proteomic analysis were quantified using the
Intensity-Based Absolute Quantification (IBAQ) method (Fig. S3).
GMNPs contained a substantial amount of tumor homologous adhesion-
related proteins, such as integrins and cadherins, which increased the
homologous targeting ability of GMNPs [34]. Western blotting analysis
confirmed representative proteins including integrin f1, integrin a3,
integrin o3, and CD44.

To ascertain the drug-loading capacity, the UV spectrum of
AMD3100 and RAPA was measured (Fig. S4). The measurements and
calculation showed that LCrapa was 3.49 % and EEgapa was 39.88 %.
LCamps100 = 9.01 %. EEAmp3100 = 34.28 %. The results presented in
Fig. 2h and i demonstrated the cumulative release profiles of AMD3100
and RAPA at 37 °C in PBS at pH 7.4 and pH 5.5. It was observed that
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Fig. 2. Synthesis and characterization of the GMNPs@AMD/RAPA. a Schematic illustration of the construction of GMNPs@AMD/RAPA. b-c Particle hydrodynamic
size (b) and surface zeta potential (c) of NPs, GMNPs, NPs@AMD, and GMNPs@AMD/RAPA measured by DLS. d Long-term size stability of GMNPs in PBS measured
by DLS. e TEM analysis of the core-shell structure of GMNPs. Scale bars = 100 nm. f CLSM image of GMNPs washed by PBS and 50 % FBS. Scale bars = 50 pm g
Proteomics Gene Ontology (GO) analysis of GMNPs. BP (biological process), CC (cellular component), MF (molecular function). h-i Cumulative RAPA (h) and
AMD3100 (i) release of GMNPs@AMD/RAPA at pH 7.4 and pH 5.5 for 48 h j SDS-PAGE and Western Blot of GBM cell membrane coating and GMNPs.

AMD3100 exhibited rapid initial release within the first 2 h, with a
release percentage of 52.89 % at pH 7.4 and 43.18 % at pH 5.5. In
contrast, RAPA displayed a controlled release pattern over 48 h, with a
release percentage of 15.59 % at pH 7.4 and 13.23 % at pH 5.5.

3.2. BBB penetration and tumor targeting of GMNPs@AMD/RAPA In
vitro and In vivo

To evaluate the improvement effect of biomimetic cell membrane
coating on the uptake capacity of NPs by BMECs, the cellular uptake of
GMNPs by bEnd.3 cells were measured at 1, 2, 4, and 6 h. As shown in
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Fig. 3. Tumor targeting of GMNPs@AMD/RAPA in vitro and in vivo.

Fig. 3a, As illustrated in Fig. 3a, the uptake of GMNPs by bEnd.3 cells
displayed a progressive escalation from 1h to 6h, whereas the uptake of
NPs remained relatively constant. At the 6h, bEnd.3 cells exhibited a
significantly higher cellular uptake of GMNPs compared to the NPs
group, suggesting that the cell membrane coating effectively enhanced
the internalization capacity within endothelial cells. Furthermore, to
investigate the ability of GMNPs@AMD/RAPA to traverse the BBB, an in
vitro model was established by employing bEnd.3 and U-87 MG GBM
cells in a Transwell system, as illustrated in Fig. 3b. Upon achieving a
transendothelial electrical resistance (TEER) value exceeding 150 Q cm?
on Day 9 (Fig. S5), NPs/DiO or GMNPs/DiO were introduced into the

upper chamber. After a 4h incubation period, CLSM results revealed that
GMNPs exhibited augmented penetration across BMECs and uptake by
GBM cells compared to uncoated NPs (Fig. 3c). Nanoparticle uptake by
U-87 MG cells in the lower chamber was assessed by flow cytometry
(Fig. 3d), and the results indicated a substantial increase of GMNPs
uptake by U-87 MG cells as time proceeded from 1 h, 2 h, 4 h-6 h, and
the uptake was significantly higher than that of NPs. The results above
underscore a significant improvement in the in vitro targeting ability of
nanoparticles through homologous cell membrane coatings. Fluores-
cence colocalization of GMNPs with U87 cells lysosomes after incu-
bating for 4h indicated the internalization of GMNPs by tumor cell
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lysosomes, as shown in Fig. S6.

To confirm the in vivo brain tumor-targeting capability of GMNPs, an
orthotopic mice GBM model was induced through intracranial trans-
plantation of U-87 MG-Luc cells into nude mice. Bioluminescence sig-
nals were detected by In Vivo Imaging Spectrum (IVIS), and mice with
stable brain tumors on Day 10 were selected for subsequent experiments
(Fig. S7). NPs and GMNPs loaded with DiR were administered system-
ically via intravenous injection in tumor-bearing mice, facilitating the
real-time monitoring of the biodistribution of NPs and GMNPs over time
based on fluorescent signals. IVIS imaging results in Fig. 3e and Fig. S8
illustrated the tumor-targeting capability of GMNPs in the mice brain,
while uncoated NPs exhibited minimal signal in the mice brain,
implying no specific targeting capability. GMNPs achieved a high degree
of brain accumulation within 24 h, which were subsequently metabo-
lized by 168 h (Fig. 3g). In vivo imaging of organs at 24 h (Fig. 3f) further
confirmed the accumulation of GMNPs in the mice brain, indicating the
capability of brain targeting.

The H&E staining results of mice organs, including the heart, liver,
spleen, lung, and kidney, depicted in Fig. S9, indicated that the
administration of GMNPs did not impose any evident structural damage
nor pathological alterations in these organs. These findings suggested
that the targeted carrier GMNPs did not elicit discernible organ toxicity
or adverse effects in these vital organs.

a Flow cytometry analysis quantified the Internalization of NPs and
GMNPs by bEnd.3 cells. (n = 3). b Schematic illustration of using
Transwell to construct an in vitro BBB model. ¢ Representative CLSM
images of the cell internalization of NPs and GMNPs crossing the
Transwell BBB model. Scale bar = 50 pm (main image), 10 pm
(magnified image). d Internalization of NPs and GMNPs by U-87 MG
cells in the lower chamber of the Transwell system was quantified
through flow cytometry analysis. (n = 3). e DiR fluorescence signals
detected by IVIS at 2, 4, 6, 8, 24, 48, 72, 96, 120, and 168 h were used to
characterize the biodistribution of NPs and GMNPs in vivo. f IVIS images
of the ex vivo brain, heart, lungs, liver, spleen, and kidneys after 24 h of
nanoparticle injection. g IVIS brain region statistics analysis of DiR
signal at 2, 4, 6, 8, 24, 48, 72, 96, 120, and 168 h (n = 4).

3.3. Cellular uptake and antitumor efficacy of GMNPs@AMD/RAPA in
vitro

To investigate the internalization pathways of GMNPs in BMECs,
various inhibitors, including dynasore (a dynamin inhibitor), chlor-
promazine (a clathrin inhibitor), cytochalasin D (an actin inhibitor), and
blebbistatin (a myosin inhibitor), were used to pre-treat bEnd.3 cells.
CLSM was utilized to visualize the cellular uptake of GMNPs by BMECs,
as shown in Fig. 4a. By calculating the fluorescence colocalization co-
efficient between GMNPs and the cell membrane, the impact of different
internalization pathways on GMNPs uptake was evaluated and
compared, as depicted in Fig. 4b. Compared to the control group, sig-
nificant inhibition of GMNPs uptake was observed in the presence of the
inhibitors. The internalization of GMNPs by endothelial cells was
notably regulated by dynamin (7.2-fold) and actin (14.6-fold), proving
that the internalization process predominantly occurs through fast
endophilin-mediated endocytosis (FEME) [35].

Nanoparticle clearance in the biological system relies on hepatic
macrophages, known as Kupffer cells, located within the liver sinusoids.
However, upon coating with GBM cell membrane, the uptake of nano-
particles by the liver is significantly reduced compared to bare PLGA
NPs without the cell membrane camouflage. Fig. S10 illustrates that
GMNPs exhibit a lower hepatic clearance rate compared to uncoated
NPs, indicating their potential for prolonged systemic circulation.
Furthermore, Fig. 4h showcases the nanoparticle uptake by RAW264.7
macrophages in vitro using flow cytometry. It was evident that the
macrophage uptake of uncoated NPs peaked at 4 h, whereas the uptake
of GMNPs was 4.2-fold lower compared to that of uncoated NPs. CLSM
images and colocalization analysis using Lyso-Tracker Red staining of
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RAW264.7 cells demonstrated a significantly reduced uptake of GMNPs
by lysosomes compared to NPs loaded with DiO dye (Fig. 4g and h).

Given the targeting effects of GMNPs, the subsequent objective is to
assess the therapeutic efficacy of GMNPs@AMD/RAPA for treating
GBM. The cytotoxicity of GMNPs@AMD/RAPA towards tumor cells was
evaluated using the CCK-8 assay. Tumor cells were treated with 0.1 mg/
mL GMNPs@AMD/RAPA for 24 and 48 h, followed by the assessment of
cell viability. To investigate the inhibitory effects of AMD3100 on the
CXCL12/CXCR4 axis, each group was supplemented with 100 ng/mL
CXCL12. The results in Fig. 4f demonstrated that GMNPs@AMD/RAPA
exhibited significant cytotoxicity towards tumor cells, achieving a
toxicity of 76.02 % at 24 h and 47.51 % at 48 h. Furthermore, compared
to the GMNPs@AMD or GMNPs/RAPA groups with equivalent concen-
trations of drugs as the GMNPs@AMD/RAPA group, the GMNPs@AMD/
RAPA group exhibited significantly lower cell viability at 48 h,
demonstrating the synergistic effect of AMD3100 and RAPA in GBM
treatment.

To investigate the impact of simultaneous inhibition of the CXCR4
and mTOR pathways on tumor invasion, a Transwell in vitro co-culture
model mimicking the GBM TME was constructed (Fig. 4e), the inhibi-
tory effects of GMNPs@AMD/RAPA on the invasion of GBM cells into
the bEnd.3 cells in the lower chamber of the Transwell system were
investigated. As shown in Fig. 4c, after 24 h of incubation, the cells that
adhered to the apical surface of the Transwell insert were gently
removed. Subsequently, crystal violet staining was conducted on the
tumor cells situated on the basal surface of the Transwell inserts. Fig. 4d
presented the statistical analysis of the cell invasion rate. The results
revealed that non-drug-loaded NPs and GMNPs did not exert any sig-
nificant inhibitory effect on tumor invasion. However, NPs/RAPA and
GMNPs/RAPA loaded with RAPA inhibited tumor invasion. Notably,
GMNPs@AMD and GMNPs@AMD/RAPA loaded with AMD3100
demonstrated the most prominent suppression of tumor invasion. This
indicated that GMNPs@AMD/RAPA significantly inhibited the invasion
of GBM cells by suppressing the CXCL12/CXCR4 axis.

a Influence of dynasore, chlorpromazine hydrochloride, cytochalasin
D, and blebbistatin on cellular uptake of GMNPs (green, labeled by DiO)
in bEnd.3 cells (red stands for cell membrane labeled by DiD) as detected
by CLSM. Scale bar = 50 pm (main image), 10 pm (magnified image).
The data are shown as mean + SD (n = 3). b The Pearson fluorescence
colocalization coefficient of GMNPs and the cell membrane in Fig. 4a
was quantitatively analyzed using ImageJ. (n = 3). ¢ Crystal violet
staining represents the impact of NPs, GMNPs, NPs/RAPA, GMNPs/
RAPA, GMNPs@AMD, GMNPs@AMD/RAPA on GBM cell invasion
ability. Scale bar = 500 pm (main images), 100 pm (magnified images).
d Percentage of migration of GBM cells towards BMECs after incubation
with different nanoparticles for 24 h, normalized to the migration of the
control group. (n = 3). e Schematic illustration depicting the Transwell
assay employed to investigate the invasiveness of GBM cells towards
BMECs. f GBM Cell viability measured by CCK-8 assay at 24 h and 48 h
after treatment with each formulation. (n = 4). g Characterization of
fluorescence colocalization of nanoparticles uptake by RAW264.7 ly-
sosomes using CLSM. Scale bar = 50 pm h The Pearson fluorescence
colocalization coefficient of lysosomes (lyso-tracker red) and NPs or
GMNPs (DiO) in Fig. 4g was quantitatively analyzed using ImageJ. i
Cellular uptake of NPs and GMNPs in RAW264.7 characterized by flow
cytometry. (n = 3).

3.4. Orthotopic GBM progression inhibition and anti-angiogenic effects by
GMNPs@AMD/RAPA

To assess the anti-tumor efficacy of GMNPs@AMD/RAPA, an
orthotopic tumor model was established in C57BL/6 mice. The tumor-
bearing mice received intravenous injections of 125 pL of the drug-
loaded nanosystem every 48 h for a total of 6 doses (Fig. 5a). Subse-
quently, the bioluminescent signals of GBM were monitored using IVIS
imaging (Fig. 5b). Compared to the PBS group, GMNPs/RAPA,
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GMNPs@AMD, and GMNPs@AMD/RAPA groups exhibited a reduction
in bioluminescent signals on day 20 after 6 doses. On day 20, the RAPA
group showed an increase in bioluminescent signals. It can be observed
that the progression of GBM was inhibited in groups treated with
GMNPs/RAPA, GMNPs@AMD, and GMNPs@AMD/RAPA. Further
confirmation of effective tumor suppression in mice treated with
GMNPs@AMD/RAPA was obtained through histological staining of
brain tissues with H&E (Fig. 5c¢).

IHC analysis was employed to assess the reduction of tumor angio-
genesis. As depicted in Fig. 5d, IHC results of VEGFR2 in mice brain
tissues following different treatments revealed a significant reduction in
VEGFR2 expression in the GMNPs/RAPA, GMNPs@AMD, and
GMNPs@AMD/RAPA groups, compared to the PBS and RAPA groups.
Notably, the GMNPs/RAPA and GMNPs@AMD/RAPA groups exhibited
a more pronounced decrease in VEGFR2 expression compared to the
GMNPs@AMD group, indicating that the enhanced anti-angiogenesis
effect was achieved through the targeted delivery of RAPA. Following
treatment with GMNPs@AMD, GMNPs/RAPA, and GMNPs@AMD/
RAPA, the TUNEL-positive signals in the tumor region of mice showed a
significant increase (Fig. 5g), providing compelling evidence that the
therapeutic intervention with GMNPs@AMD/RAPA effectively induces
apoptosis in tumor cells. Ki67 staining indicated that GMNPs@AMD/
RAPA inhibited the proliferation of GBM cells as shown in Fig. Sh.

Changes in body weight and survival rate were recorded throughout
the treatment (Fig. 5e and f). The groups receiving treatment with
GMNPs@AMD and GMNPs@AMD/RAPA exhibited significant weight
gain compared to the PBS group on day 25. The improved survival rate
of GBM-bearing mice in the GMNPs@AMD/RAPA treatment group
demonstrated significant therapeutic efficacy.

a Schedule of tumor cell inoculation, GMNPs@AMD/RAPA admin-
istration, and IVIS imaging in C57BL/6 mice GBM model. b Biolumi-
nescent IVIS images of intracranial G422-luc GBM-bearing mice after
GMNPs@AMD/RAPA treatment. ¢ H&E staining of representative
paraffin-embedded brain sections at day 25 of different treating groups.
The black arrows indicate the region of tumor cell injection. T represents
the tumor area, and B represents normal brain tissue. Scale bar = 1000
pm d Representative image of IHC staining of VEGFR2 in different
treatment groups on day 25. The yellow arrow indicates the tumor cell
inoculation site. T represents the tumor area, and B represents normal
brain tissue. Scale bars = 50 pm. e Relative body weight change after
treatments. (n = 5). f Survival curve of mice after treatments. (n =5). g
Representative CLSM image of TUNEL staining of GBM tumor region in
different treatment groups. Scale bar = 50 pm h Representative CLSM
image of Ki67 staining of GBM tumor region in different treatment
groups. Scale bar = 50 pm.

3.5. GMINPs@AMD/RAPA enhances immune cells activation

To evaluate the impact of GMNPs@AMD/RAPA in modulating the
immune microenvironment, flow cytometry was utilized to characterize
the activation of DCs and CTLs. Flow cytometry analysis of T cells in
mice brain tissue suspensions post-treatment revealed a significant in-
crease in the proportion of CD3% T cells within the TME in the
GMNPs@AMD and GMNPs@AMD/RAPA groups after 6 doses of drugs
(Fig. 6b). This observation indicates that GMNPs@AMD and
GMNPs@AMD/RAPA effectively mitigate the immunosuppression
induced by the RAPA. Consistently, as depicted in Fig. 6a and c, the
proportion of CD8" T cells within the CD3™ T cell population exhibited a
similar trend, further corroborating the conclusion that the immune
response was enhanced by GMNPs@AMD and GMNPs@AMD/RAPA. It
was evident that AMD3100 significantly enhanced the infiltration of
CD8™ T cells into TME. The CD4" helper T cell to CD8" cytotoxic T cell
ratio was assessed within the TME as depicted in Fig. 6d. It was observed
that the GMNPs@AMD/RAPA group displayed a notable reduction in
the CD4"/CD8™ ratio, suggesting an augmented abundance of cytotoxic
T cells.
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The activation status of DCs was investigated using flow cytometry,
as depicted in Fig. 6e—g. The proportions of CD11¢"CD86™ cells among
all groups revealed a substantial elevation of activated DCs
(CD11c¢"CD86™") in the GMNPs@AMD and GMNPs@AMD/RAPA groups
compared to the PBS and RAPA groups, underscoring a higher level of
activation of dendritic cells in the GMNPs@AMD and GMNPs@AMD/
RAPA groups, an indication of enhanced immune response in these
treatment groups.

a Flow cytometric quantification of CD37CD8™" T cells in brain tissue
of different treating groups after 6 doses at day 20. b-d Statistical
analysis of the proportion of CD3™ cells relative to the total number of
single cells (b), CD3"CD8" cells relative to CD3"% cells (c), and
CD3"CD4" cells relative to CD3"CD8" cells (d). e Flow cytometric
quantification of CD86"CD11c" cells of single cells in mice brain. f
Histogram of CD11c" cells in brain tissue of different treating groups at
day 20. g Statistical analysis of the proportion of CD86" cells of CD11c*
cells quantified by flow cytometry. (n = 3).

3.6. Assessment of long-term organ histopathology and hematological
safety

Long-term systemic administration of RAPA and AMD3100 poses
risks of organ and hematological toxicity. Nevertheless, the encapsula-
tion of AMD3100 and RAPA within GMNPs presents an effective
approach to mitigating potential toxicity. In addition to the anti-tumor
efficacy of GMNPs@AMD/RAPA, a comprehensive safety assessment
was conducted in tumor-bearing C57BL/6 mice. The mice received 6
doses of drugs and underwent a 5-day recovery period. Histopatholog-
ical examination of cryosections stained with H&E (Fig. 7a) and com-
plete blood count (CBC) analysis (Fig. 7b—m) were performed to assess
the potential toxicity of GMNPs@AMD/RAPA in the treated mice. H&E
results indicated the absence of notable histopathological abnormalities
in the examined organ samples. Furthermore, no statistically significant
differences in the major blood parameters of the GBM-bearing mice
peripheral blood were observed. These results indicated that
GMNPs@AMD/RAPA did not induce any significant damage to major
organs nor exhibited any hematological toxicity. Notably, following
GMNPs@AMD treatment, a modest decrease of white blood cells [(4.0
+ 0.2532) x 10%/L], including lymphocytes, neutrophils, monocytes,
eosinophils, and basophils, was observed within the normal physiolog-
ical range. The observed redistribution of leukocyte subsets into the
bloodstream in mice could potentially be influenced by the long-term
administration of AMD3100. Nevertheless, the GMNPs@AMD/RAPA
group, which involved the combined use of RAPA and AMD3100, did
not exhibit this phenomenon. These results indicated that the
GMNPs@AMD/RAPA nanosystem did not lead to significant lymphatic
depletion. The synergistic utilization of AMD3100 and RAPA demon-
strated the effect of maintaining peripheral blood leukocyte
homeostasis.

a H&E staining of representative frozen sections of organs from
different treatment groups at day 25. Scale bar = 50 pm. b-m Complete
blood count (CBC) of mice treated with PBS, NPs, RAPA, GMNPs,
GMNPs/RAPA, GMNPs@AMD, and GMNPs@AMD/RAPA on day 25.
RBC (Red Blood Cells, x 10'2/L) (b), Haemoglobin (g/L) (), MCV
(Mean Corpuscular Volume, fL) (d), MCH (Mean Corpuscular Haemo-
globin, pg) (e), Reticulocyte Count ( x 10°/1) (f), WBC (White Blood
Cells, x 10°/L) (g), Lymphocyte Count ( x 10°/1) (h), Neutrophil Count
(x 109/L) (i), Monocyte Count ( x 109/L) (j), Eosinophil Count ( x 10%/
L) (k), Basophil Count ( x 10°/L) (1), Platelet ( x 10°/L) (m). (n = 3).

4. Discussion

This study presents a nanosystem GMNPs@AMD/RAPA that utilizes
GBM cell membrane-derived GMNPs as a nanocarrier for targeted and
sequential inhibiting the CXCL12/CXCR4 axis and mTOR pathway to
reprogram the GBM immune microenvironment and inhibit tumor
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progression (Fig. 1). The inadequate infiltration of CTLs into tumors
represents the foremost therapeutic hurdle in the treatment of GBM.
Although immunotherapy has emerged as a promising treatment mo-
dality in clinical research, it faces challenges such as GBM recurrence
resulting from single-agent therapies and limitations due to tumor an-
tigen heterogeneity [36-39]. Therefore, the investigation of sophisti-
cated combinatorial therapies involving chemotherapy and
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immunotherapy holds tremendous potential in clinical treatment for
GBM [5,40-44].

The crosstalk between the CXCL12/CXCR4 axis and PI3K/mTOR
pathways plays a crucial role in tumor progression and modulation of
the tumor immune microenvironment. In the GMNPs@AMD/RAPA
nanosystem, the negatively charged PLGA loaded with RAPA and posi-
tively charged AMD3100 through self-assemble undergoes secondary
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encapsulation with negatively charged GBM cell membranes, resulting
in a stable sequential drug release nanosystem (Fig. 2). Moreover, the
biomimetic GBM cell membrane coating enhanced tumor cell targeting
and evasion of systematic macrophage clearance (Fig. 4g-i) further
enhancing the therapeutic potential of GMNPs@AMD/RAPA in the
treatment of GBM. AMD3100, as a CXCR4 antagonist, not only facilitates
the infiltration of CTLs into GBM but also inhibits tumor angiogenesis,
effectively suppressing the progression of GBM. Furthermore, the dual-
layer encapsulation of RAPA within PLGA enables efficient intracel-
lular release in tumor cells, thereby enhancing the antitumor efficacy
while minimizing off-target effects and reducing the immunosuppres-
sive effects of RAPA.

Experiments confirm the successful penetration of GMNPs through
BBB in vivo and in vitro, enabling efficient drug delivery (Fig. 3). The co-
inhibition of the CXCL12/CXCR4 axis and mTOR pathway leads to
synergistic therapeutic effects, resulting in the suppression of tumor cell
viability and invasion of GMNPs@AMD/RAPA (Figs. 4 and 5). Addi-
tionally, the increased population of activated DCs and CD8 ™" cytotoxic T
cells within the mice GBM microenvironment proves GMNPs@AMD/
RAPA is capable of reprogramming the immune microenvironment and
modulating the immune-suppressive state (Fig. 6a and c). This rational
combination of immunotherapy and chemotherapy in this targeted de-
livery nanosystem exhibits substantial efficacy and holds considerable
potential for clinical applications [45]. Moreover, by simultaneously
inhibiting tumor angiogenesis (Fig. 5d) and implementing immuno-
therapy (Fig. 6), GMNPs@AMD/RAPA improve the efficacy of immu-
notherapy while mitigating the risk of immune-related adverse reactions
(Fig. 7) [46].

5. Conclusion

In summary, we have developed a biomimetic targeted nanosystem
that can effectively suppress the progression of GBM and improve the
therapeutic outcome of treatment by co-delivery of the CXCR4 antago-
nists AMD3100 and the mTOR pathway inhibitor RAPA to the TME. Our
results demonstrate that by inhibiting the CXCL12/CXCR4 axis, the
infiltration of CTLs increased in TME while suppressing the GBM pro-
gression. Moreover, in combination with RAPA, the GBM progression
was further suppressed, indicating a synergetic effect. In clinical set-
tings, GMNPs@AMD/RAPA can be constructed using patient-derived
tissues obtained from biopsies or surgical resections and applied to
GBM treatment, promising great potential for accomplishing precision
oncology.
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