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KEY WORDS Abstract  Glioblastoma (GBM) therapy is severely impaired by the blood—brain barrier (BBB) and
invasive tumor growth in the central nervous system. To improve GBM therapy, we herein presented a
dual-targeting nanotheranostic for second near-infrared (NIR-II) fluorescence imaging-guided photo-
L immunotherapy. Firstly, a NIR-II fluorophore MRP bearing donor-acceptor-donor (D-A-D) backbone
NIR-II fluorescence was synthesized. Then, the prodrug nanotheranostics were prepared by self-assembling MRP with a pro-
imaging; drug of JQ1 (JPC) and T7 ligand-modified PEGs,-DSPE. T7 can cross the BBB for tumor-targeted de-
Precise immunotherapy livery of JPC and MRP. JQ1 could be restored from JPC at the tumor site for suppressing interferon
gamma-inducible programmed death ligand 1 expression in the tumor cells. MRP could generate NIR-
II fluorescence to navigate 808 nm laser, induce a photothermal effect to trigger in-situ antigen release
at the tumor site, and ultimately elicit antitumor immunogenicity. Photo-immunotherapy with JPC and
MRP dual-loaded nanoparticles remarkably inhibited GBM tumor growth in vivo. The dual-targeting na-

notheranostic might represent a novel nanoplatform for precise photo-immunotherapy of GBM.
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1. Introduction

Glioblastoma (GBM) is one of the most aggressive intracranial
tumors with high lethality rate'*”. Nowadays, surgical resection
assisted with radiotherapy or chemotherapy is the standard of care
for GBM therapy’. However, complete resection of the tiny tu-
mors is challenged by high infiltration and invasiveness of GBM,
which accounts for post-operative tumor recurrence’. Further-
more, therapeutic delivery to the GBM is restricted by the
blood—brain barrier (BBB), which severely impairs GBM
therapy™*°.

In past years, immunotherapy has been extensively exploited
for cancer management by eliciting robust and systemic antitumor
immune responses’ ''. Immune checkpoint blockade (ICB)
therapy with monoclonal antibody-based immune checkpoint in-
hibitors efficiently restores the antitumor—immunity cycle via
reactivating the cytotoxic T lymphocytes (CTLs)'> '®. However,
current ICB therapy suffers from inadequate immunogenicity and
acquired immune resistance in GBM. Furthermore, the GBM
tumor displays an immunosuppressive tumor microenvironment
(ITM) and inadequate intracranial infiltration of T lympho-
cytes'”?°. Tt remains a priority to develop novel therapeutic ap-
proaches for synergistically inducing antitumor immunogenicity
and normalizing the ITM?'.

Phototherapy, in particular, photothermal therapy (PTT) has
been demonstrated to ablate the tumor cells by inducing hyper-
thermia effect’” >*. For instance, inorganic nanomaterials or
organic molecules with photo-absorbance in the near-infrared
(NIR) window have been investigated for PTT in vitro and
in vivo™ *°. Apart from photothermal ablation of the tumor cells,
PTT has recently been demonstrated to elicit antitumor immunity
by releasing antigen at the tumor site and recruiting the tumor-
infiltrating CTLs*". However, PTT of the GBM is challenged by
tumor-targeted delivery of the photoabsorbent due to the presence
of the BBB. For efficient drug delivery to the GBM tumor, ligand-
modified nanomaterials have been developed to traverse the
BBB*' *°. For instance, a T7 peptide (His-Ala-Ile-Tyr-Pro-Arg-
His) was demonstrated to enhance BBB penetration of the nano-
particles by recognizing the over-expressed transferrin (Tf) re-
ceptors on the brain capillary endothelial cells (BCECs)”’. T7
ligand is reported to target Tf receptors on the surface of GBM
cells®® 0 and, therefore, applied for targeted drug delivery to the
GBM tumor. Furthermore, interferon-gamma (IFN-v) secreted
from the tumor-infiltrating CTLs can upregulate PD-L1 in the
tumor cells via the Janus kinase/signal transducer and activator of
transcription (JAK-STAT) pathway, which induces adaptive im-
munity tolerance of tumor cells*'***. In previous studies, we have
demonstrated that a potent bromodomain-containing protein 4
(BRD4) inhibitor JQ1 can suppress IFN-y-inducible PD-L1
expression in the tumor cells'*'>. However, tumor-specific de-
livery of JQ1 and BRD4 inhibition remains a prerequisite since
BRD#4 also serves as a functional protein in the normal tissues.

To this end, we herein proposed a novel nanotheranostic for a
second near infrared (NIR-II) fluorescence imaging-guided
combinational photo-immunotherapy of GBM. A NIR-II fluores-
cent probe namely MRP and a reduction-activatable prodrug of
JQ1 (namely JPC) were firstly synthesized. MRP, JPC, and T7-
modified phospholipid PEGs,-DSPE (T7-PEGs-DSPE) were
subsequently self-assembled via hydrophobic interaction to form
a micellar nanoparticle (termed as TNP@JQ1/MRP) (Fig. 1).
The resultant TNP@JQ1/MRP nanoparticles can actively be

accumulated at the GBM tumor via a dual-targeting effect of the
T7 peptide. Under the guidance of MRP-performed NIR-II fluo-
rescence imaging, 808 nm laser irradiation can induce a hyper-
thermia effect to elicit an antitumor immune response and recruit
tumor-infiltrating cytotoxic T lymphocytes. Meanwhile, the hy-
perthermia effect can trigger JQ1 release inside the tumor cells to
circumvent IFN-vy-inducible immune evasion. Therefore, the JPC-
loaded TNP@JQ1/MRP prodrug nanoparticles cumulatively
regressed the GBM tumor by increasing antitumor immunoge-
nicity and overcoming the acquired immune resistance. NIR-II
nanotheranostic-based photo-immunotherapy exhibited several
advantages over conventional PTT agents. First, T7 ligand-
modified prodrug nanoparticles can cross BBB and precisely
target the GBM cells for tumor-specific drug delivery. Second,
MRP-loaded nanotheranostics can perform NIR-II fluorescence
imaging-guided thermal ablation in GBM cells and precise photo-
immunotherapy. Furthermore, the prodrug nanoparticles inte-
grating glutathione (GSH)-activatable JPC prodrug and a phase-
change material (PCM) can restore and release JQI1 at the tumor
site in a hyperthermia tunable manner. JQ1 is able to suppress
IFN-v- inducible PD-L1 expression in the tumor mass by targeting
the epigenetic protein BRD4.

2. Materials and methods
2.1.  Synthesis of NIR-II fluorophore MRP and JQI prodrug JPC

MRP and JPC were synthesized according to the procedures
described in the Supporting Information.

2.2.  GSH-mediated reduction of JPC

To verify the GSH-mediated disulfide reduction reaction of JPC,
JPC (1.0 mg/mL) was incubated with GSH (5.0 mmol/L) in water
for 1 h. Then the mixture was monitored by using high-performance
liquid chromatography (HPLC) with water/acetonitrile (v/v, 95/5)
as mobile phase. JQ1-SH was confirmed using electrospray ioni-
zation mass spectrometry (ESI-MS) measurement.

2.3.  Preparation of the prodrug nanoparticle

To prepare the dual-targeting prodrug nanoparticles, T7-PEGsk-
DSPE, lecithin and JPC were dissolved in 4% aqueous solution of
ethanol at an optimized weight ratio of 1:1.5:1.5 and incubated at
50 °C for 10 min. Subsequently, methanol solution of LA and SA
(w/w, 4:1) as the PCM with a low melting point at 39 °C and DMF
solution of MRP were added under stirring to form the micellar
nanoparticles. The nanoparticle suspension was dialyzed against
deionized water, and passed through a membrane filter (0.22 pm)
to obtain TNP@JQ1/MRP nanoparticles. T7-free NP@JQ1/MRP
nanoparticles were prepared as control.

2.4.  Physicochemical characterization of the prodrug
nanoparticle

Dynamic light scattering (DLS, Nano-Sizer, Malvern, England)
and transmission electron microscopy (TEM, Talos L120C, USA)
were employed to determine hydrodynamic diameter and
morphology of the TNP@JQI/MRP and NP@JQ1/MRP nano-
particles, respectively. The stability of the nanoparticles was tested
in 10% fetal bovine serum (FBS) solution by DLS. The
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Figure 1

Schematic illustration of prodrug-based nanotheranostics for precise photo-immunotherapy of GBM. (A) Chemical structure of MRP,

prodrug JPC, lecithin, and T7-PEGs5,-DSPE. (B) Self-assembly of the prodrug nanotheranostic. (C) Schematic demonstration of the prodrug-based
nanotheranostic approach for photo-immunotherapy. Firstly, the prodrug nanotheranostic traversed BBB and precisely accumulated at the GBM
area by Tf receptor-mediated endocytosis and exocytosis. Upon NIR-II fluorescence imaging navigation, the prodrug nanotheranostic performed
excellent photothermal ability under 808 nm laser for inducing photothermal ablation of GBM cells and released tumor-associated antigens for

eliciting an antitumor immune response.

absorbance and fluorescence spectra of NP@JQ1/MRP and MRP
were recorded by UV—Vis (Cary 60, USA) and fluorescence
spectrophotometer (Agx = 808 nm, Ag, = 850—1500 nm, FLS
980, Edinburgh Instruments, UK), respectively. The loading effi-
ciency (DL%) and encapsulation efficiency (EE%) of MRP and
JPC were calculated by UV—Vis spectrometer and HPLC,
respectively. To examine the reduction-sensitive property, prodrug
nanoparticles were included with 5.0 mmol/L of GSH and irra-
diated with 808 nm laser at photodensity of 1.5 W/cm?. Reduction

of the disulfide bond was monitored by HPLC (elute: water/
acetonitrile (v/v, 95/5) at a flow rate of 0.5 mL/min).

2.5.  Photothermal performance of NP@JQI1/MRP

To measure photothermal performance of the NP@JQ1/MRP
nanoparticles, aqueous suspensions of NP@JQI/MRP at pre-
determined MRP concentrations (0—65 pmol/L) were treated with
808 nm laser at photodensity of 0.5, 1.0, 1.5 or 2.0 W/cm?. Laser
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irradiation-induced temperature elevation was monitored with an
IR camera (AI150-15-M, Shanghai IR Tech Co., Ltd., China).

2.6.  Cellular uptake of the dual-targeting TNP@JQ1/Dil
nanoparticles

To investigate cellular uptake of prodrug nanoparticles, G422
mouse glioma cells were cultured in 6-well plate and treated with
TNP@JQ1/Dil or NP@JQ1/Dil nanoparticles at an identical Dil
concentration of 2.0 pmol/L. The intracellular fluorescence signal
of Dil was tested by flow cytometry assay (BD FACS Calibur, USA).

To exploit intracellular distribution of TNP@JQ1/Dil nano-
particles, G422 tumor cells were incubated on coverslip in 24-well
tissue culture plate. After 24 h, G422 cells were incubated with
TNP@JQ1/Dil or NP@JQ1/Dil for 2 h at a Dil concentration of
2.0 pmol/L. The cells were subsequently stained with DAPI, fixed
with 4% paraformaldehyde, and examined by confocal laser
scanning microscopy (CLSM, Leica TCS-SP8, Germany).

To elucidate active tumor-targeting effect of the T7-modified
nanoparticles, G422 tumor cells were pre-treated with free T7,
then incubated with the TNP@JQ1/Dil nanoparticles. The cells
were examined by flow cytometry and CLSM, respectively. To
investigate dual-targeting ability of the nanoparticles, TNP@JQ1/
Dil nanoparticles were incubated with 3T3 cells, bEnd.3 cells or
G422 cells for 2 h. Intracellular fluorescence intensity was then
detected by flow cytometry.

2.7.  Cytotoxicity of the TNP@JQ1/MRP nanoparticles

G422 cells were incubated in a 96-well plate. After 24 h, the cells
were then incubated with TNP@JQ1/MRP and other nanoparticles
of different concentrations for 24 h. Cell vitality was tested using
CCK-8 assay.

To investigate phototoxicity of prodrug nanoparticles in vitro,
G422 cells were cultured with TNP@JQ1/MRP or NP@JQ1/MRP
nanoparticles at MRP concentrations of 20 or 40 umol/L for 24 h.
The cells were then irradiated with 808 nm laser for 5 min. The
cell vitality was examined using CCK-8 assay.

2.8. DC maturation in vitro

To investigate photo-immunotherapy induced immune response,
bone marrow dendritic cells (BMDCs) were extracted from C57/
BL6 mice, and stimulated with interleukin-4 (IL-4, 10.0 ng/mL)
and mouse recombinant GM-CSF (20.0 ng/mL) for a week.
G422 cells were cultured with the prodrug nanoparticles
(Cmrp = 40 pmol/L). After 12 h, G422 cells were illuminated
with 808 nm laser for 5 min at photodensity of 2.0 W/ecm?. The
cells were subsequently incubated for additional 4 h. The BMDCs
were then incubated with the pre-treated tumor cells for 24 h. DC
maturation were examined via flow cytometry assay.

2.9.  IFN-v-inducible PD-LI expression

G422 cells were seeded in 6-well tissue culture plate and incubated
for 24 h. The cells were treated with IFN-v at different concentrations
(0, 10, 50, 100, 200 ng/mL) for 24 h. The cells were then stained with
anti-CD274-APC for 30 min and examined by flow cytometry and
Western blot (WB) assay. The protein image was taken using the
Tanon-5200 imaging system (Tanon, Shanghai, China).

To investigate the effect of JQl or TNP@JQl on PD-L1
expression, G422 cells were treated with IFN-y for 24 h at the

desired concentration (e.g., 50 ng/mL). G422 cells were then treated
with JQ1 or TNP@JQI1 for additional 24 h at an identical JQ1
concentration of 1 pmol/L. The cells were finally stained with anti-
CD274-APC for flow cytometry assay and harvested for WB assay.

2.10. Cell lines, animals and tumor model

Murine G422 cells and Luciferase expressing G422 (G422-Luc)
tumor cells were obtained from Fudan University (Shanghai,
China). Murine fibroblast 3T3 and brain microvascular endothelial
bEnd.3 cells were obtained from the cell bank of Chinese Acad-
emy of Sciences (Shanghai, China). G422, G422-Luc, 3T3 and
bEnd.3 cells were all maintained in 10% (v/v) FBS-containing
DMEM cell culture medium at 37 °C under a humidified atmo-
sphere with 5% of CO, supply.

BALB/c nude mice (female, 4—5 weeks old) and C57/BL6
mice (female, 4—5 weeks old) were obtained from Shanghai
Experimental Animal Center (Shanghai, China). Animal experi-
ments were conducted under the guidelines approved by
the Institutional Animal Care and Use Committee (IACUC) of
Shanghai Institute of Materia Medica (2021-09-YHJ-06), China.

To establish an orthotopic GBM tumor model, G422-Luc cells
(1 x 10° cells in 5.0 uL of PBS) were implanted into the brain
striatum of BALB/c nude mouse. Tumor growth was monitored
via bioluminescence imaging (BLI) in vivo. To establish a sub-
cutaneous GBM tumor model, G422 cells (3 x 10° cells in 100 pL
of PBS) were injected into right forelimb of C57/BL6 mice.

2.11.  Bioluminescence and fluorescence imaging for orthotopic
model in vivo

To exploit biodistribution of the prodrug nanoparticles in vivo,
G422-Luc tumor-bearing mice were intravenously (i.v.) injected
with TNP@JQ1/DiR and NP@JQI1/DiR nanoparticles at a DiR
dose of 0.25 mg/kg. The mice were then pretreated with p-
luciferin potassium salt for 10 min and imaged by IVIS Spectrum
CT (PerkinElmer, Waltham, USA). Then fluorescence imaging of
complete mice in vivo and brain ex vivo was all presented by an
IVIS Spectrum CT at different times. After 36 h injection, the
brains were harvested and fixed in 4% formalin solution to use.

To investigate tumor accumulation of TNP@JQI1/MRP and
NP@JQ1/MRP in vivo, tumor-bearing nude mice were i.v. injec-
ted with TNP@JQ1/MRP or NP@JQI1/MRP nanoparticles at an
equal MRP dose of 2.5 mg/kg. NIR-II fluorescence imaging of
brain was performed in vivo and ex vivo with the MARS imaging
system, which was equipped with an InGaAs camera and shad-
owless illumination with an 808 nm laser, 850 nm long pass filter
and 50 ms of exposure time.

2.12.  Fluorescence imaging of the subcutaneous glioma tumor
in vivo

To investigate tumor-targeted distribution of prodrug nanoparticles
in vivo, C57/BL6 mice bearing subcutaneous G422 tumor were i.v.
injected with TNP@JQ1/MRP and NP@JQ1/MRP at a MRP dose
of 2.5 mg/kg. NIR-II fluorescence images were subsequently
performed with the MARS imaging system.

2.13.  Photothermal efficacy of the prodrug nanoparticles

To investigate photothermal efficacy of prodrug nanoparticles
in vivo, C57/BL6 mice bearing G422 subcutaneous tumor were i.v.
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injected with PBS, NP@JQI/MRP or TNP@JQI/MRP nano-
particles at an identical MRP dose of 2.5 mg/kg. The mice were
then illuminated with 808 nm laser for 6 min (1.0 W/cm?) at 36 h
post-injection. Laser irradiation-induced temperature elevation
was monitored with an IR thermal camera.

2.14.  Antitumor performance of the TNP@JQ1/MRP
nanoparticles

The C57/BL6 mice bearing subcutaneous G422 tumor were
randomly separated into five groups (n = 6) and i.v. injected with
PBS, TNP@JQ1, TNP/MRP, TNP@JQ1/MRP, TNP@JQ1/MRP
at a JQ1 dose of 15 mg/kg and MRP dose of 2.5 mg/kg, respec-
tively. The tumors of the TNP/MRP and TNP@JQ1/MRP groups
were illuminated with 808 nm laser (1.0 W/cmz, 10 min) at 36 h
post-injection. The treatment was repeated for three times every 3-
days and repeated triplicates in total. The tumor volume and body
weight were recorded during the antitumor study. The tumor
volume was calculated with Eq. (1):

V=LxWx W2 (1)

where L presents the longest dimension, W presents the shortest
dimension).

The mice were determined dead according to the animal ethics
when the tumor volume reached 2000 mm®. The tumors and or-
gans including hearts, livers, lungs, spleens and kidneys were
collected at the end of experiment, fixed in 4% formalin solution
and exposed to haematoxylin and eosin (H&E) staining.

2.15. DC maturation and intratumoral infiltration of T
lymphocytes in vivo

To analyze the mechanism of excellent antitumor effect induced
by nanoparticles, mice subcutaneously inoculated with G422 cells
were separated to five groups (n = 3): (i) PBS; (ii)) TNP@JQ1;
(iii) TNP/MRP + Laser; (iv) TNP@JQ1/MRP; (v) TNP@JQ1/
MRP + Laser. 808 nm laser illumination (1.0 W/cm?, 10 min) at
the tumor site was carried out at 36 h post-injection. The fre-
quency of administration was once every 3 days and treatment 3
times in total. After treatment 3 times, all the tumor and lymph
nodes (LNs) were obtained for subsequent measurements of im-
mune cells infiltrating.

2.16. PD-LI expression in subcutaneous G422 model

To explore PD-L1 expression in the tumor tissues, C57/BL6 mice
bearing G422 subcutaneous tumor were i.v. injected with PBS,
TNP@JQ1, TNP/MRP + Laser, TNP@JQ1/MRP or TNP@JQ1/
MRP + Laser at a JQ1 dose of 15 mg/kg and MRP dose of
2.5 mg/kg, respectively. The tumors were then illuminated under
808 nm laser (1.0 W/cm?) at 36 h post-injection. The tumors were
harvested post treatment, fixed with 4% formalin and examined by
immunofluorescence staining ex vivo.

3. Results and discussion
3.1.  Preparation and characterization of TNP@JQI/MRP
NIR-II fluorescence imaging shows deep tissue penetration and

improves signal-to-background contrast, which is desirable for
fluorescence imaging of the brain in vivo®™. Compared to

nanomaterial-based NIR-II fluorescent probes (e.g., carbon nano-
tubes and quantum dots), small molecular fluorophores bearing
donor-acceptor-donor (D-A-D) scaffold display large stokes shift,
high photostability, and good biosafety, which are more favorable
for biomedical applications**. In this study, the D-A-D type flu-
orophore MRP was synthesized by a Maillard-like reaction be-
tween methylglyoxyl and thiadiazole-fused o-phenylenediamine
(Supporting Information Scheme S1). The thiadiazole-fused qui-
noxaline was employed as an electron-deficient block. The suc-
cessful synthesis of MRP was validated by a hydrogen nuclear
magnetic resonance ('"H-NMR) spectrometer (Supporting Infor-
mation Figs. S1—S3). MRP displayed maximum absorption at
730 nm and maximum fluorescence emission at ~1060 nm
(Fig. 2A and B), veritying its potential for NIR-II fluorescence
imaging in vivo.

JQ1 is a potent BRD4 inhibitor, which can abolish IFN-y-
inducible PD-L1 upregulation in the tumor cells to prevent
adaptive immunity evasion®. To achieve intratumor-specific de-
livery of JQI, the reduction-sensitive JPC prodrug was synthe-
sized by grafting JQ1 onto the hydroxyl group of 1-palmitoyl-2-
hydroxy-sn-glycero-3-phosphocholine (P-lysoPC) with a disul-
fide spacer. The chemical structure of JPC was confirmed by 'H-
NMR and ESI-MS characterization (Supporting Information Figs.
S4—S7). JQ1-SH was released from JPC in 60 min when incu-
bated with GSH as determined by HPLC and ESI-MS measure-
ments (Supporting Information Fig. S8), validating the superior
reduction sensitivity of JPC.

It was reported that LA and SA formed PCM at a mass ratio of
4:1 for hyperthermia-triggered drug release’®*’. In this study,
MRP, and JPC dual-loaded prodrug nanoparticles were prepared
by self-assembly of MRP, JPC, LA, SA, T7-PEGs,-DSPE and
lecithin via hydrophobic interaction. The composition of the
nanoparticles was optimized by screening JPC and MRP feeding
ratio (Supporting Information Tables S1 and S2). Successful
loading of JPC and MRP inside the hydrophobic core of the
nanoparticles was verified by UV—Vis spectra and HPLC mea-
surement. The EE% of JPC and MRP was determined to be
86.2 £ 2.1% and 75.2 £ 1.6%, respectively. The JPC and MRP
loading capacity was 10.7 = 0.2% and 2.5 + 0.2% (Supporting
Information Figs. S9 and S10). The JPC and MRP co-loaded
prodrug nanoparticles were named as NP@JQI/MRP. T7-
modified nanoparticles (namely TNP@JPC/MRP) were prepared
by replacing PEGs,-DSPE with T7-PEGs,-DSPE. DLS and TEM
characterizations showed that NP@JQI1/MRP and TNP@JQ1/
MRP had a hydrodynamic diameter of 110—140 nm and narrow
particle size polydispersity index (PDI <0.2, Fig. 2C—E and
Supporting Information Fig. S11). MRP encapsulating nano-
particles displayed strong absorbance and slight blue-shift of
fluorescence emission (E.x = 975 nm, Fig. 2A and B). Notably,
both NP@JQ1/MRP and TNP@JQ1/MRP nanoparticles showed
good colloidal stability in a 10% FBS-containing cell culture
medium (Supporting Information Fig. S11 and Fig. 2F).

The photothermal effect of the MRP-loaded nanoparticles was
next assessed under 808 nm laser irradiation, in which aqueous
dispersions of nanoparticles showed remarkable temperature
elevation in a MRP concentration- and photodensity-dependent
manner (Fig. 2G and H, Supporting Information Fig. S12). For
example, upon 808 nm laser irradiation for 9 min, the temperature
of MRP-loaded nanoparticle suspension increased from 20 to
58 °C at 65 pmol/L of MRP and 1.5 W/cm? suggesting the
promising potential of the TNP@JQI1/MRP nanoparticles for
photothermal ablation of the tumor cells.
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Physicochemical characterization of prodrug nanoparticles. (A) Absorbance and (B) fluorescence spectra of MRP in DMF and MRP-

loaded nanoparticles in water. (C) DLS-determined hydrodynamic diameter of the TNP@JQ1/MRP nanoparticles. (D) and (E) TEM images of
NP@JQI1/MRP and TNP@JQI1/MRP nanoparticles. (F) Serum stability of TNP@JQ1/MRP nanoparticles in 10% of FBS. (G) and (H) Photo-
thermal effect of the NP@JQ1/MRP nanoparticles as a function of (G) photodensity (MRP concentration at 65 nmol/L), and (H) photodensity and
MRP concentration. (I) JQ1 release from NP@JQ1/MRP (65 pmol/L of MRP) nanoparticle induced by GSH (5.0 mmol/L) and laser irradiation

(photodensity of 1.5 W/cm?).

To quantify the JQ1 release profile in vitro, the NP@JQ1/MRP
nanoparticles were incubated with 5.0 mmol/LL GSH and illumi-
nated with 808 nm NIR laser. The result displayed that leakage of
JQ1 from nanoparticles was 24.0 £ 0.3% after 40 min, verifying
the reduction-elicited JQ1 leakage property of nanoparticles. In
contrast, 85.2 £ 0.3% of JQ1 was released from the nanoparticles
under laser irradiation at 1.5 W/cm? after 40 min incubation with
5.0 mmol/L. GSH (Fig. 2I). This could be attributed to GSH-
inducible dissociation of disulfide bond as well as photo
hyperthermia-induced phase transition of the PCM.

3.2.  Tumor targeting, cytotoxicity, and DC maturation assay

To evaluate the active tumor-targeting profile of the prodrug
nanoparticles, G422 cells were firstly incubated with TNP@JQ1/
Dil nanoparticles for 2 h. CLSM examination displayed signifi-
cantly higher intracellular Dil fluorescence in the TNP@JQ1/Dil
group compared to that of the NP@JQI/Dil control group
(Fig. 3A). The intracellular fluorescence signal dramatically
declined when the cells were pre-treated with free T7 peptide to
block the Tf receptor. Quantitative assay by flow cytometry further
validated 3.0-fold stronger intracellular uptake of TNP@JQ1/Dil
than NP@JQ1/Dil (Fig. 3B). Remarkably, intracellular uptake of
the TNP@JQ1/Dil nanoparticles was suppressed by pre-treating

the tumor cells with T7 ligand, validating T7-mediated tumor
targeting of the TNP@JQ1/Dil nanoparticles.

Next, we investigated the dual-targeting ability of the
TNP@JQ1/MRP in three cell lines, including G422, mouse
fibroblast cell (3T3), and murine brain microvascular endothelial
cell (bEnd.3), respectively. Flow cytometry assays showed 2.3-
and 2.6-fold higher intracellular Dil fluorescence intensity in
G422 cells and bEnd.3 cells than that of the 3T3 cells, suggesting
the potential of the T7-modified nanoparticles in targeting the
bEnd.3 via crossing the BBB (Fig. 3C).

Given the endothelia and G422 cells’ dual-targeting profile of
the prodrug nanoparticles, we next evaluated their cytotoxicity and
photo-cytotoxicity in the G422 cells in vitro. CCK-8 assay
revealed negligible cytotoxicity of the JQI prodrug and MRP
dual-loaded prodrug nanoparticles (Supporting Information
Fig. S13). In contrast, upon 808 nm laser irradiation, the
TNP@JQ1/MRP nanoparticles induced much higher photo-
cytotoxicity than the NP@JQ1/MRP nanoparticles (Fig. 3D and
E). The increased photo-cytotoxicity of the prodrug nanoparticles
could be attributed to T7 ligand-promoted intracellular uptake of
the TNP@JQ1/MRP nanoparticles.

Dendritic cells (DCs) are critical antigen presentation cells for
antigen uptake and presentation to the T lymphocytes. We thus
investigated whether the TNP@JQ1/MRP nanoparticles elicit an
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antitumor immune response by examining DC maturation. G422
cells were pre-incubated with the TNP@JQ1/MRP nanoparticles,
irradiated with 808 nm laser, and then incubated with DCs for
24 h. Flow cytometry assay displayed that G422 cells pretreated
with TNP/MRP + Laser and TNP@JQ1/MRP + Laser signifi-
cantly promoted DC maturation, which could be attributed to
PTT-mediated tumor cell ablation and antigen release. Remark-
ably, the DCs maturation ratio of TNP@JQ1/MRP + Laser group
was 3.3-fold higher than that of PBS group (Fig. 3F and G) due to
the increased photothermal effect of the dual-targeting TNP@JQ1/
MRP nanoparticles.

IFN-v-induced upregulation of PD-L1 in the tumor cells can
be reverted using JQ1'°. To investigate whether the prodrug
nanoparticles could suppress PD-L1 expression in GBM tumors,
G422 cells were pre-cultured with IFN-y for 24 h. Flow cyto-
metric measurements revealed that IFN-y elicited PD-LI
expression as a function of concentration, which was further
validated by WB assay (Supporting Information Fig. S14).

It was reported that JQI inhibits PD-L1 expression via
blocking BRD4-mediated PD-L1 transcription®. We next inves-
tigated whether TNP@JQ1 suppressed IFN-y-induced PD-L1
upregulation in G422 cells. Flow cytometric measurement
confirmed that JQ1 and TNP@JQI nanoparticles effectively
inhibited IFN-y-induced PD-L1 expression on the surface of
G422 cells in vitro (Fig. 3H), as further verified by WB assay
(Fig. 31 and J).

3.3.  NIR-II fluorescence imaging of the orthotopic GBM tumor
in vivo

With the dual-targeting TNP@JQ1/MRP prodrug nanoparticles in
hand, we next evaluated their ability to perform fluorescence im-
aging in the NIR-II region. BALB/c nude mice bearing orthotropic
G422 tumor were separated into two groups and i. v. injected with
NP@JQI/MRP or TNP@JQ1/MRP nanoparticles. Fluorescence
imaging was then performed at pre-determined time points. Fig. 4A
and B displayed that the intratumoral fluorescence signal increased
over time, peaked at 24 h post-injection and declined thereafter. The
fluorescence imaging data indicated that NP@JQI/MRP and
TNP@JQ1/MRP successfully crossed the BBB and accumulated at
the tumor site. It was worth noting that the fluorescence intensity in
the TNP@JQI1/MRP group was much higher than that of the
NP@JQI/MRP group at all the time points. For example, the
TNP@JQ1/MRP group showed a 1.8-fold stronger NIR-II fluores-
cence signal over the NP@JQ1/MRP group at 24 h and significantly
accumulated in the brain (Fig. 4C). This phenomenon validated that
the T7 ligand-modification enhanced the BBB penetration and
tumor-targeting properties of the TNP@JQ1/MRP nanoparticles.
To investigate whether T7-modified prodrug nanoparticles
specifically distributed in the GBM tumor in vivo, we used G422-
Luc glioma cells to visualize the orthotopic tumor by BLI in vivo
and ex-vivo. By comparison, nanoparticles distribution in the
tumor were examined by NIR-I fluorescence imaging with DiR-



Nanotheranostics for photo-immunotherapy of glioblastoma

3493

A B M NP@JQ1/MRP
— W TNP@JQ1/MRP
TNP@JQ1 S 15 1.8«
IMRP Em
NP@JQ1 205
IMRP Z 00
NI
Time (h) -
TNP@JQ1 C g
IMRP A 9 =
TR=
NP@JQ1 £
IMRP | g,) &
=
D BLI 1h 4h 12h 24h 36h g =
>‘N= Il NP@JQ1/DIR
% 1.2410° g lg s .TNP@@JQUIIJiR
= 3 2.0¢
S E .:f: 12 ]
= ENQ 9
o % o
Z T ge 3
= 5 o2 o0
H ze NN O e
2 £ Time (h)
%
S
x My S g
e 5 OF
<} aQ
g z
® [=
z g
g8
z
Figure 4  Fluorescence imaging of the nanoparticle distribution in vivo and ex-vivo. (A) NIR-II fluorescence imaging of TNP@JQI1/MRP

nanoparticle distribution in vivo. (B) Semi-quantitation of NIR-II fluorescence intensity in the tumor. (C) NIR-II fluorescence imaging of the brain
at 36 h post injection ex-vivo. (D) NIR-I fluorescence imaging of NP@JQ1/DiR and TNP@JQ1/DiR nanoparticles distribution in vivo. (E) Semi-
quantification of NIR-I fluorescent intensity in brain. (F) Bioluminescence and NIR-I fluorescent imaging of the brain at 36 h post-injection. (G)
H&E staining of the brain section at 36 h post-injection (the dark part indicated the GBM tumor) (scale bar = 1 mm). (H) CLSM examination of
TNP@JQ1/DiR distribution in the brain section (scale bar = 1 mm). (I) Enlarged view of the glioma section ex-vivo (scale bar = 100 pum).
Statistical significance: n = 3, *P < 0.05, **P < 0.01, ***P < 0.001.

loaded nanoparticles. Fig. 4D showed that the G422 tumor co-
localized well with the fluorescence signal in vivo. The
TNP@JQ1/DiR nanoparticles attained 2.0-fold stronger orthotopic
tumor fluorescence intensity than their NP@JQ1/DiR counterpart
at 12 h post-injection (Fig. 4E). Tumor-specific distribution of the
TNP@JQ1/DiR nanoparticles was further validated by BLI and
fluorescence imaging of the brain tissue ex-vivo (Fig. 4F), sug-
gesting a crucial role of T7 peptide for BBB crossing and tumor-
targeted drug delivery in vivo.

To further demonstrate the dual-targeting effect of the prodrug
nanoparticles, the brain tissue was harvested at 36 h post nanoparticle
injection and stained with H&E. TNP@JQ1/DiR nanoparticles
dominantly distributed in the glioma tumor (the part outlined by
white dotted line), verifying satisfying BBB permeability of the T7-
modified nanoparticles, which subsequently diffused throughout the
tumor tissue (Fig. 4G—I). Collectively, the BLI and fluorescence
imaging data consistently verified the active tumor targeting profile
of the T7-modified prodrug nanoparticles in vivo.

3.4.  Antitumor efficacy of the TNP@JQI/MRP nanoparticles
in vivo

Inspired by the dual-targeting and NIR-II fluorescence emission
profile of the TNP@JQ1/MRP nanoparticles, we next evaluated
the antitumor performance using the subcutaneous G422 tumor
model. Fluorescence imaging illustrated the improved targeting
ability of the TNP@JQI1/MRP nanoparticles over the T7-free
NP@JQ1/MRP control (Fig. 5A). The semi-quantitative assay

revealed that the TNP@JQ1/MRP group displayed 1.7-fold higher
intratumoral fluorescence intensity than the NP@JQ1/MRP group
at 24 h post-injection (Fig. 5B).

Subsequently, in vivo photothermal effect of MRP-loaded
prodrug nanoparticles was assessed. The G422 tumor-bearing
mice were 1i.v. injected with PBS, NP@JQI/MRP, and
TNP@JQ1/MRP nanoparticles and irradiated under an 808 nm
laser after 36 h. The tumor temperature of NP@JQ1/MRP-injected
mice increased by ~15 °C upon 6 min laser irradiation. In
contrast, the TNP@JQ1/MRP group displayed much higher tem-
perature elevation up to 50 °C due to increased intratumoral
accumulation of the dual-targeting nanoparticles (Fig. 5C). The
remarkable hyperthermia effect of the TNP@JQ1/MRP nano-
particles suggested their potential for PTT of the GBM tumor.

To evaluate the antitumor efficacy of the prodrug nano-
particles, mice inoculated with G422 cells were arbitrarily sepa-
rated into five groups. The mice were injected with PBS,
TNP@JQ1, TNP/MRP or TNP@JQ1/MRP nanoparticles by tail
vein every three days for three times (Fig. 5D). After 36 h, the
mice of the TNP/MRP and TNP@JQ1/MRP groups were treated
under 808 nm laser irradiation (1.0 W/cm?) at 36 h post-injection.
TNP@JQ1 and TNP@JQI1/MRP slightly delayed the growth of
G422 tumors, and TNP/MRP + Laser showed a moderate anti-
tumor effect (Fig. SE—G). In contrast, TNP@JQ1/MRP + Laser
almost eliminated the G422 tumor and markedly extended the
survival of the tumor-bearing mice, indicating remarkably
improved antitumor performance of TNP@JQ1/MRP-mediated
photo-immunotherapy (Fig. 5G and H).
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Figure 5

Antitumor efficacy of the dual-targeting nanoparticles in subcutaneous GBM tumor model. (A) NIR-II fluorescence imaging of

NP@JQI/MRP and TNP@JQI1/MRP biodistribution in G422 subcutaneous tumor-bearing mouse model in vivo, and (B) semi-quantitative
analysis of NIR-II fluorescence intensity (n = 3). (C) Representative infrared thermal images of G422 subcutaneous tumor model (n = 3).
(D) Treatment schedule for NP-mediated combination photo-immunotherapy of the G422 GBM tumor. (E) Representative photographs of the
G422 tumors collected post different treatments. (F) Individual and (G) averaged growth curves of G422 tumor exposed to various treatments
(n = 6). (H) Survival rates of different groups (n = 6). (I) H&E staining of tumor sections of different groups (scale bar = 50 pum). Statistical

significance: n = 6, *P < 0.05, **P < 0.01, ***P < 0.001.

H&E staining of the tumor sections further demonstrated that
TNP@JQI/MRP + Laser efficiently induced apoptosis in the
tumor cells (Fig. 5I). In addition, the weight of G422 tumor-
bearing mice increased marginally during the experiment period
(Supporting Information Fig. S15). H&E staining of the major
organs (i.e., heart, liver, spleen, lung and kidney) displayed
negligible histopathological changes in all the experimental
groups, presenting excellent biosafety of the prodrug nanoparticles
(Supporting Information Fig. S16).

3.5.  Immune assay in G422 subcutaneous tumor model

To clarify the mechanism underlying the excellent antitumor
ability of TNP@JQI1/MRP nanoparticle-based photo-immuno-
therapy, the PTT-activated immune response and JQI-inhibited

immune resistance were subsequently investigated. Flow cytom-
etry assay showed that combination treatment with TNP@JQ1/
MRP + Laser induced 4.2-fold higher matured DCs ratio in LNs
compared with the PBS group (Fig. 6A and Supporting Informa-
tion Fig. S17A), suggesting TNP@JQ1/MRP + Laser could effi-
ciently elicit an immune response in vivo.

T lymphocyte-mediated adaptive cellular immunity is crucial
for cancer immunotherapy. We thus investigated the performance
of the prodrug nanoparticles for T lymphocyte activation and
intratumoral accumulation by flow cytometry measurements.
TNP@JQ1/MRP + Laser dramatically promoted intratumoral
infiltration of CD3™ T cells as well as elicited the protective im-
munity responses (Fig. 6B and Fig. S17B). For instance, the ratio
of CD8" to CD4% T cells of the TNP/MRP + Laser and
TNP@JQ1/MRP + Laser groups were 10.7- and 17.7-fold higher
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than that of the PBS group, respectively. The successful recruit-
ment of T lymphocytes was demonstrated by immunofluorescence
staining of the tumor sections (Fig. 6C—E, and Supporting In-
formation Figs. S17C and D). Apart from increased intratumoral
infiltration of CD8" T cells, the tumor-infiltrating effector T
lymphocytes (i.e., IFN-y*CD8" T cells) also remarkably
increased in the TNP@JQ1/MRP + Laser group, which was 21.5-
fold higher than the PBS group (Fig. 6F and G), verifying photo-
immunotherapy with the dual-targeting prodrug nanoparticle
vigorously boosted the protective immune system.

To further investigate whether TNP@JQ1/MRP nanoparticles
could circumvent IFN-vy-elicited immunity evasion in vivo,
intratumoral PD-L1 expression was detected by immunohisto-
chemical (IHC) assay. PD-L1 expression in TNP/MRP + Laser
group dramatically increased than that of the PBS group due to
increased IFN-vy secretion after PTT treatment. In contrast, com-
bination treatment with TNP@JQ1/MRP + Laser dramatically
inhibited PD-L1 expression (Fig. 6H). The above data revealed the
accumulative efficacy of PTT and JQI to promoting the antitumor
immunity cycle.

4. Conclusions

In the current study, we reported a dual-targeting nanotheranostic
for photo-immunotherapy of GBM. Fluorescence and biolumi-
nescence imaging demonstrated that the versatile TNP@JQ1/MRP
nanoparticles precisely accumulated at the GBM area and diffused
throughout the GBM tumor. The nanoparticles enabled precise
initiation of the antitumor immune response via PTT-induced
antigen release and NIR-II fluorescence imaging-guided photo-
thermal therapy. The reduction-sensitive JPC prodrug eliminated
IFN-+v-inducible immune evasion of the tumor cells, and the T7

peptide actively crossed the BBB and targeted the GBM tumor
cells. Combinatory immunotherapy with JQ1 and PTT promi-
nently suppressed tumor growth and prolonged the survival time
in the subcutaneous G422 tumor model. The immune analysis
further revealed that TNP@JQ1/MRP treatment efficiently boos-
ted systemic antitumor immune response and recruited tumor-
infiltrating CTLs for tumor regression. This study might provide
a new avenue for precise photo-immunotherapy of GBM.
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