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Purpose: Targeted superparamagnetic iron oxide (SPIO) nanoparticles are a promising tool
for molecular magnetic resonance imaging (MRI) diagnosis. Lipid-coated SPIO nanoparti-
cles have a nonfouling property that can reduce nonspecific binding to off-target cells and
prevent agglomeration, making them suitable contrast agents for molecular MRI diagnosis.
PD-L1 is a poor prognostic factor for patients with glioblastoma. Most recurrent glioblasto-
mas are temozolomide resistant. Diagnostic probes targeting PD-L1 could facilitate early
diagnosis and be used to predict responses to targeted PD-L1 immunotherapy in patients with
primary or recurrent glioblastoma. We conjugated lipid-coated SPIO nanoparticles with PD-
L1 antibodies to identify PD-L1 expression in glioblastoma or temozolomide-resistant
glioblastoma by using MRI.

Methods: The synthesized PD-L1 antibody-conjugated SPIO (PDL1-SPIO) nanoparticles were
characterized using dynamic light scattering, zeta potential assays, transmission electron micro-
scopy images, Prussian blue assay, in vitro cell affinity assay, and animal MRI analysis.
Results: PDL1-SPIO exhibited a specific binding capacity to PD-L1 of the mouse glioblas-
toma cell line (GL261). The presence and quantity of PDL1-SPIO in temozolomide-resistant
glioblastoma cells and tumor tissue were confirmed through Prussian blue staining and
in vivo T2* map MRI, respectively.

Conclusion: This is the first study to demonstrate that PDL1-SPIO can specifically target
temozolomide-resistant glioblastoma with PD-L1 expression in the brain and can be quanti-
fied through MRI analysis, thus making it suitable for the diagnosis of PD-L1 expression in
temozolomide-resistant glioblastoma in vivo.

Keywords: PD-L1, superparamagnetic iron oxide, SPIO, magnetic resonance imaging, MRI,
lipid-coated nanoparticle, glioblastoma

Background

Glioblastoma multiforme (GBM) has a harsh immunosuppressive microenviron-
ment and poor prognosis.'? The presence of tumor-infiltrating cytotoxic
T lymphocytes (CTLs) in the GBM tumor microenvironment is correlated with
overall survival,’ and immunosuppressive responses are associated with poor
prognosis.* CTLs can specifically target and kill invading tumor cells.> Myeloid-
derived suppressor cells (MDSCs) and regulatory T cells (Tregs) possess high
immunosuppressive capacity, directly suppress T cell function, and cause T cell
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exhaustion.” Patients with a high level of CTLs and low
levels of immunosuppressive MDSCs and Tregs were
demonstrated to have better survival probability than
those with a high immunosuppressive level.® Taken
together, the tumor immune profile is closely associated
with the prognosis of patients with GBM.

Immune therapy targeting negative regulatory molecules
at the immune inhibitory checkpoint axis (ie, programmed
cell death protein 1 [PD-1] and its ligand [PD-L1]) has
achieved breakthroughs in many cancers.” PD-L1 is widely
expressed in almost all tumor cells.® PD-1 is the receptor of
PD-L1 and is expressed on CTLs and natural killer (NK)
cells. The PD-1/PD-L1 axis is the major pathway that inhibits
the activation or proliferation of CTLs and NK cells in the
tumor microenvironment.” "' PD-L1-mediated immunosup-
pression in GBM is associated with M2 macrophage polar-
ization and poor survival.'>'? The PD-L1 status of a tumor
was reported to be correlated to the outcome of PD-LI
blockade, and responses were significantly higher in PD-
Ll-expressing tumors than in PD-LI-nonexpressing
tumors.'* Thus, the PD-L1 level in GBM is considered
a major predictive marker of PD-1/PD-L1 antibody
response.'” Accurate detection of PD-LI expression in
GBM tissues may help predict PD-1/PD-L1 antibody
response.

Due to intratumoral heterogeneity within different
regions of individual tumors, a small piece of tumor
biopsy may not represent the pathological molecular pro-
file of the entire tumor.'®'” Various analytic strategies in
immunohistochemistry and inconsistent cut-off values of
PD-L1 expression may lead to false classification, depend-
ing on the arca of a tumor biopsy sample that is
examined.'®!” Thus, a standardized approach for quantify-
ing PD-L1 expression in the whole tumor should be devel-
oped to improve consistency and accuracy in the
measurement of PD-L1 in GBM. In addition, dynamic
changes in immune cell populations and PD-L1 expression
levels occur during chemotherapy or immune checkpoint
blockade in multiple cancer types.”’ The heterogeneity of
the GBM tumor microenvironment in different subtypes of
GBM, the limitations of immunohistochemistry, and the
dynamic changes in the PD-L1 expression profile during
treatment are current challenges in PD-L1 checkpoint
blockade immunotherapy against GBM.'®?" Thus, the
capacity to efficiently and precisely quantify the PD-L1
level in the whole tumor must be developed.

Superparamagnetic iron oxide (SPIO) nanoparticles
that are biodegradable and exhibit low toxicity are suitable

for biomedical imaging applications.”* SPIO nanoparticles
can be manipulated to conjugate with functional groups for
cross-linking with antibodies, peptides, or small-molecule
drugs for diagnostic imaging or the delivery of therapeutic
drugs.22 They possess unique paramagnetic properties and
can serve as contrast agents for multiple parametric mag-
netic resonance imaging (MRI) modalities, including T2-,
T2*-, and susceptibility-weighted imaging (SWI).* To
identify patients who may benefit from PD-L1-targeted
therapy, evaluating the PD-L1 expression level and its
distribution is critical. SPIO nanoparticles have many ben-
efits in biomedical imaging applications, including tunable
size-dependent magnetic properties, easy modification,
and a lack of ionizing radiation.>** Nonfouling lipid-
coated surfaces can effectively reduce nonspecific binding
to synthesized ex vivo surfaces.”> 2’ In the present study,
we manipulated lipid-coated SPIO nanoparticles for con-
jugation with PD-L1 antibodies (PDLI1-SPIO) to detect
PD-L1 expression by using both in vitro and in vivo
MRI. We demonstrated that PDL1-SPIO could specifically
target PDL1-positive GBM cells and generate distinguish-
able molecular MRI images for noninvasive PD-L1
expression measurement in temozolomide (TMZ)-resistant
GBM in vivo.

Materials and Methods

Construction of PDLI-SPIO

Nanoparticles

The PDL1-SPIO nanoparticles were constructed as pre-
viously described”’ with some modifications. Briefly,
0.25 mL of amine-functionalized lipid-coated SPIO nano-
particles (OceanNanoTech Inc. USA, 1 mg/mL [Fe)] =
0.86 nmol/mL nanoparticles, 10 nm in size) was reacted
with 37.5 pL/mL sulfo-SMCC (10 mg/mL, 858 nmol) at
room temperature for 1 h to obtain maleimide-functiona-
lized SPIO nanoparticles. The maleimide-functionalized
SPIO nanoparticles were washed with 10 mL of phosphate
buffered saline (PBS) to remove the excess free sulfo-
SMCC by using an LS column (Miltenyi Biotech,
Germany) and were then eluted in 800 pL of PBS.
Subsequently, 0.43 nmol PD-L1 antibodies (10F.9G2,
BioXCell, USA) were treated with iminothiolane (1.2 pg,
8.7 nmol; Thermo, USA), dissolved in 200 pL of Traut’s
reagent (50 mM NaHCO;, 150 mM NaCl, and 10 mM
EDTA, pH 8.6), and reacted at room temperature for 60
min. After thiolation, 200 puL of 10 mM tris(2-carbox-
yethyl)phosphine (TCEP; Sigma, USA) was added at
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room temperature for 30 min. The solution was replaced
with a 5 mM EDTA solution in PBS via Vivaspin (10-kDa
MWCO polyethersulfone, Sartorius, USA). Finally, the
thiolated antibodies and maleimide-functionalized SPIO
nanoparticles were mixed and reacted at 4 °C overnight.
The unused maleimide-functionalized groups were then
blocked with excess cysteine for 15 min at room tempera-
ture. The PD-L1 antibody—conjugated SPIO nanoparticles
were separated using an LS column and washed with PBS
at a volume 25 times greater than the column bed volume
to remove unconjugated antibodies; the nanoparticles were
then eluted in 600 pL of PBS. The number of immobilized
PDLI1 antibodies per SPIO nanoparticle was estimated to
be two, based on the molarities of the components in the
reaction. The total amounts of PD-L1 antibody and SPIO
in the PDL1-SPIO were determined by using the intrinsic
fluorescence of the amino acid in the antibody structure
(excitation at 280 nm and emission at 340 nm) and by
using a spectrophotometric technique (absorption at 400
nm), respectively. The fluorescence and absorption signals
were determined by using the Thermo Varioskan Flash
(Thermo, USA) and the Multiskan GO Microplate
Spectrophotometer (Thermo, USA), respectively.

Dynamic Light Scattering and Zeta

Potential Measurement

The hydrodynamic size and zeta potential of the SPIO and
PDL1-SPIO
a Zetasizer Nano ZS (Malvern Instruments, UK) according

nanoparticles were determined using
to manufacturer instructions. The nanoparticles were

diluted in a 10 mM NacCl solution.

Generation of the GL261/TMZ-R Cell

Line
The murine GBM cell line (GL261) was obtained from
Deutsche Sammlung von  Mikroorganismen und

Zellkulturen. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). We established a TMZ-resistant sub-
line (GL261/TMZ-R) through continuous exposure of
GL261 cells to TMZ in our lab. These cells were treated
with 50 uM TMZ for 1 day before being divided into 96
wells. Cells were incubated with 150 uM TMZ for 21
days, and surviving cells were cultured in the culture
medium containing 150 uM TMZ for an additional 39
days.

Colony Formation Assay

We placed 2000 GL261 or GL261/TMZ-R cells into six-
well plates and incubated them for 5 days, followed by
treatment with 150 uM TMZ (Cayman, USA) for 12 days.
The cells were fixed with 4% paraformaldehyde and
stained with 0.5% crystal violet, and the colony number

was counted.

Brain Tumor Animal Model

For the GL261/TMZ-R GBM animal model, C57BL/
6JNarl
Laboratory Animal Center. The tumor cell inoculation

mice were purchased from the National
assay was conducted as described. Briefly, 1.5x 10°
GL261/TMZ-R cells in 4 pL of PBS solution were
slowly injected into the right-brain region at a rate of
0.5 pL/min. The injection site was 2.5 mm lateral,
0.1 mm posterior, and 3.1 mm ventral from the central
bregma. The injection hole was sealed with bone wax to
prevent the leakage of cells, and the skin was closed

with sterilized sutures.

Isolation of Tumor-Infiltrating Leukocytes
To isolate brain-infiltrating leukocytes, we anesthetized
mice and transcardially perfused them with 5 mL of cold
PBS. Tumor-infiltrating leukocytes were dissociated into
single-cell suspensions by using a Tumor Dissociation Kit
and a Multi Tissue Dissociation Kit 1 (Miltenyi Biotec,
Germany) in combination with the gentle MACS Octo

Dissociator with Heaters (Miltenyi Biotec, Germany).

Flow Cytometry

To detect the PD-L1 expression on GL161 cells, cells were
detached using Accutase (Thermo Fisher Scientific, USA)
and then stained with PDL1-SPIO nanoparticles, SPIO
nanoparticles, PDL1 antibodies, or isotype control antibo-
dies, followed by PE-conjugated anti-rat IgG2b antibodies
(MRG2b-85, BioLegend, USA). To detect PD-L1 expres-
sion on brain-infiltrating leukocytes, cells were stained
with specific antibodies following standard protocols and
analyzed on a CytoFLEX flow cytometer (Beckman
Coulter, USA). The following antibodies conjugated with
fluorochrome were used: Ly6G-PB (RB6-8C5), Ly6C-
FITC (HK1.4), CD45-APC-Cy7, (30-F11), CDI11b-PB
(M1/70), and PD-L1-PE (10F.9G2) (BioLegend, USA).
Data were analyzed using FlowJo software.
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Immunofluorescence Assay

To detect PD-L1 expression in GL161 cells, 10° GL261
cells were seeded on a four-well chamber slide for
24 h. Cells were treated with SPIO nanoparticles, PDL1-
SPIO nanoparticles, PDL1 antibodies, or isotype control
antibodies for 24 h at 37 °C and then fixed with 4% paraf-
ormaldehyde for 30 min. Slides were then stained with AF-
488 anti-mouse Rat IgG2b antibody and mounted with
a mounting medium containing 4’6-diamidino-2-phenylin-
dole (DAPI) (Vectashield, USA). Immunofluorescence (IF)
images of stained cells were acquired through microscopy
(Olympus/Bx43, Japan).

Prussian Blue Staining Assay for GBM
Cells and TEM for SPIO Nanoparticles

To identify iron in GBM cells by using Prussian blue
staining, 10° GL261 cells were seeded on a four-well
chamber slide (SPL Life Sciences Co., USA) with
DMEM supplemented with 10% FBS for 24 h. Next,
cells were treated with SPIO or PDL1-SPIO nanoparticles
and incubated at 37 °C for 24 h. The presence of iron was
detected using an Abcam iron stain kit (ab150674, Abcam,
USA). In brief, hydrochloric acid solution (2%) and potas-
sium ferrocyanide solution were mixed at equal volumes
(1:1) and used to incubate with cells or tumor tissue slides
for 20 min; the cells or slides were then rinsed with
distilled water and stained with nuclear fast red. Images
of stained cells were acquired using a microscope
(Olympus BX43). Transmission electron microscopy
(TEM) images were acquired using an HT-7700 micro-
scope (Hitachi, Japan), and the analysis was performed
according to the manufacturer’s instructions.

Detection of Iron in GBM Tissues
Treated with PDLI-SPIO Nanoparticles
by Using Prussian Blue Staining Assay

To test the binding of PDL1-SPIO nanoparticles to tumor
tissue, PDL1-SPIO nanoparticles were used to stain tumor
slices, after which a Prussian blue staining assay was
performed. Briefly, GL261/TMZ-R tumor-bearing mice
were sacrificed and transcardially perfused with 5 mL of
PBS and 5 mL of formalin. Whole brains were fixed with
formalin for approximately 3 days. Formalin-fixed 2-mm
coronal slices were embedded in paraffin and cut into
5-um-thick sections. The sections were then deparaffi-
nized, rehydrated through a graded series of ethanol solu-
tions, subjected to an antigen retrieval process, and then

stained using PDL1-SPIO or SPIO nanoparticles at 4 °C
for 24 h. The presence of iron in these sections was
detected using an Abcam iron stain kit. These sections
were observed through microscopy (Olympus/BX43). In
some experiments, after tumor-bearing mice were injected
with PDL1-SPIO nanoparticles or PDL1 antibodies for 4
h, the brains were directly subjected to a Prussian blue
assay to detect the presence of iron caused by PDL1-SPIO
nanoparticles in the tumor tissue.

Immunohistochemistry Assay

To identify PD-L1 expression in tumor tissue, formalin-
fixed sections underwent deparaffinized, rehydration, and
an antigen retrieval process and then were stained using
the PD-L1 antibody (Cell Signaling, USA) at 4 °C for 24
h. Next, the secondary antibody, horseradish peroxidase
anti-rabbit IgG antibody, was applied to stain the section.
Finally, 3,3’-diaminobenzidine staining was performed on
sections by using DAB Chromogen Concentrate
(Biolegend, USA). The sections were observed through

microscopy (Olympus/BX43).

Cellular MRI Measurements

MRI images were obtained using a 7T Bruker PharmaScan
MRI scanner having a volume coil with an inner diameter of
72 mm (Bruker BioSpin, MA, USA). T2-weighted images
were acquired using spin-echo sequences with an echo time
(TE) of 8.8 ms, a repetition time (TR) of 3500 ms, 50 echoes,
a field of view (FOV) of 50x50 mm?, a resolution of 256 x
256, and a slice thickness of 1 mm. The MRI samples were
PDL1-SPIO nanoparticle phantoms and GL261 cells treated
with various concentrations of PDL1-SPIO nanoparticles
and then suspended in 1% agarose gel.

Animal MRI Measurements

In vivo MRI images of mouse brains were obtained using a 7T
Bruker PharmaScan MRI scanner using a volume coil with an
inner diameter of 72 mm (Bruker BioSpin). MRI was per-
formed in mice anesthetized using 2% isoflurane in the coronal
plane. The MRI protocol included a T2-weighted image (TR,
2500 ms; TE, 33 ms; flip angle, 45°; FOV, 16x16 mm?; matrix,
256 x 256; 2D; slice thickness, 0.75 mm; number of excita-
tions, 8; resolution, 0.0625x0.0625 x 0.75 mm3), a T2*-
weighted image (TR, 1000 ms; TE, 12 ms; flip angle; FOV,
16x 16 mm?; matrix, 256 x 256; 2D; slice thickness, 0.75 mm;
number of excitations, 2; resolution, 0.0625x0.0625 x
0.75 mm3), SWI (TR, 39 ms; TE, 51.8 ms; flip angle, 15°;
FOV, 50x50 mm?; matrix, 128 x 128; 3D; slice thickness,
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0.5 mm; number of excitations, 3; resolution 0.39%0.39 x
0.5 mm?), and T2* mapping (16-echo gradient echo sequence;
TR, 1150 ms; minimum TE, 3.3 ms; ATE, 3 ms; flip angle, 80°;
FOV, 16x16 mm?; matrix, 256 x 256; 2D; slice thickness,
0.5 mm; number of excitations, 2; resolution, 0.0625x%0.0625
x 0.5 mm®). The initial T2* mapping scan was performed
before injection of PDLI1-SPIO or SPIO nanoparticles.
The second T2* mapping session was started 4 h after injec-
tion. The T2* value of each voxel was calculated through
exponential fitting performed in-house by using MATLAB
(version R2020a, MathWorks, Sherborn, MA, USA). The
T2* map was first converted to an R2* relaxivity map by
taking its reciprocal. The increase in R2* value (AR2*) after
PDLI-SPIO or SPIO injection was calculated using the fol-
lowing formulas: AR2* = R2* ppy ;_gpio — R2* |, or AR2* =
R2* gpio — R2* ., where R2% . refers to the R2* value
measured in precontrast MR images, and R2*ppy i_gpio Or
R2*gp1o are the R2* values measured in MR images following
PDL1-SPIO or SPIO administration. The AR2* value, which
indicates the change in relaxivity due to the local aggregation
of PDL1-SPIO or SPIO nanoparticles, has a linear relationship
with the local PDL1-SPIO or SPIO nanoparticle concentration.
The coefficient of the linear transformation function between
AR2%* and the local PDL1-SPIO or SPIO nanoparticle concen-
tration was estimated through linear regression analysis of
agarose phantoms containing various concentrations of
PDL1-SPIO or SPIO nanoparticles. The AR2* map was then
converted into a local PDL1-SPIO or SPIO nanoparticle con-
centration map by using the estimated linear transformation
function. A disk of nickel-coated neodymium iron boron
(Nd2Fe14B) with a diameter of 8 mm, a height of 5 mm, and
a 0.43-T N42 grade magnet was placed on the tumor site of
tumor-bearing mice. After placing the magnet, 60 pg (0.052
pmol) of PDL1-SPIO or SPIO nanoparticles was administered
via tail vein injection. The magnet was maintained on the
tumor site for 1 h and then removed. MRI scans were per-
formed at the indicated time. A radiologist evaluated the MRI
images to identify dark signals due to PDL1-SPIO nanoparti-
cles on T2-weighted images, T2*-weighted images, SWI, and
T2* mapping.

Results
Characterization of PDLI-SPIO

Nanoparticles

To generate an MRI contrast agent with targeting specifi-
city for PD-L1, the PD-L1 antibody was conjugated with
10-nm lipid-coated SPIO nanoparticles (Figure 1). In brief,

the amine-functionalized lipid-coated SPIO nanoparticles
were reacted with sulfo-SMCC to obtain maleimide-func-
tionalized SPIO nanoparticles. PD-L1 antibodies were
treated with iminothiolane to form free thiol groups before
spontaneous reaction with the maleimide-functionalized
lipid-coated SPIO nanoparticles. This coupling strategy
enabled direct robust covalent conjugation of the PD-L1
antibodies to SPIO nanoparticles. We first determined the
hydrodiameter of PDL1-SPIO, which peaked at 25.8 = 1.8
nm on the volume distribution graph, and unconjugated
lipid-coated SPIO nanoparticles, which peaked at 21.9 +
1.4 nm (Figure 2A). We also determined the diameters of
SPIO nanoparticles and PDL1-SPIO by using TEM; the
diameters were observed to be 11.2 + 0.6 nm and 12.7 +
0.7 nm, respectively (Figure 2B), and the zeta potentials of
SPIO nanoparticles and PDL1-SPIO peaked at —7.8 = 0.9
mV and —24.5 £ 3.3 mV, respectively (Figure 2C). We
determined that the amount of PD-L1 antibody on SPIO
was 0.09 pg of PD-L1 antibody/pg of SPIO (0.685 nmol
PD-L1 antibody/nmol SPIO). We also determined that
a higher density of anti-PD-L1 antibody on SPIO causes
PDL1-SPIO aggregation in the solution (data not shown).
These data suggest that the colloidal dispersion of PDL1-
SPIO is more stable than that of SPIO nanoparticles and
PDLI1-SPIO does not aggregate.

Evaluation of the Targeting Specificity of
PDLI-SPIO to PDLI-Expressing GBM

Cells

To evaluate the PD-L1 targeting specificity of the PD-
L1 antibodies after conjugation with SPIO nanoparticles,
we used PDL1-SPIO to detect surface PD-L1 expression
on a murine GBM cell line (GL261). Flow cytometry
analysis demonstrated that PD-L1 on GL261 cells can
be detected using both PDLI-SPIO nanoparticles and
PDL1 antibodies (Figure 3A). The mean fluorescence
intensity (MFI) of PD-L1 expression was higher in the
PDLI1-SPIO staining group than in the PD-L1 antibody
staining group (Figure 3A). Next, the targeting specifi-
city of PDL1-SPIO was evaluated using an IF labeling
technique. The results revealed markedly strong green
fluorescence signals specifically on the GL261 cells,
indicating the affinity and binding magnitude of the
PDLI1-SPIO to GL261 cells (Figure 3B). By contrast,
no signal was detected for the lipid-coated SPIO nano-
particle controls or isotype control antibodies. Taken
indicate that the PD-LI

together, these findings
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Figure | Synthetic scheme of PD-L| antibodies conjugated with lipid-coated SPIO nanoparticles. |. Lipid-coated SPIO nanoparticles were modified with maleimide through
reaction with sulfo-SMCC. 2. PD-L| antibodies were thiolated with iminothiolane, and TCEP was added to reduce disulfide bonds. 3. The maleimide-functionalized SPIO
nanoparticles were mixed with the thiolated antibody solution to form antibody-conjugated lipid-coated SPIO nanoparticles.

antibodies retained affinity to PD-L1 after conjugation
with SPIO nanoparticles.

Detection of PDLI-SPIO in GBM Cells

To confirm the presence of targeted PDL1-SPIO in GBM
cells, Prussian blue staining was performed to detect the
presence of iron oxide nanoparticles in GL261 cells that
were incubated with PDL1-SPIO or SPIO nanoparticles
for 24 h. Consistent with the IF staining results, blue
signals were detected in the GL261 cells after incubation
with PDL1-SPIO, indicating the presence of iron oxide

nanoparticles in these cells but not in those incubated
with SPIO nanoparticles (Figure 4A). In addition, to vali-
date the cellular localization of PDL1-SPIO and confirm
nanoparticle uptake after treatment, the presence of nano-
particles in the cytoplasmic region of GL261 cells was
detected using TEM. The TEM images of SPIO-treated
GL261 cells revealed only sparse nanoparticles, whereas
those of PDL1-SPIO-treated cells revealed electron-dense
clustering of SPIO (>50 particles;
Figure 4B). These data indicate that GBM cells can uptake
PDL1-SPIO.

nanoparticles
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Figure 2 Characterization of the physical properties of PDLI-SPIO nanoparticles. (A) The size distributions of PDLI-SPIO and unconjugated SPIO nanoparticles were
determined through DLS measurement, as shown on the volume distribution graph. (B) TEM image of PDLI-SPIO nanoparticles (scale bar, 10 nm). (C) Representative
results of the zeta potential (mV) distribution of PDLI-SPIO and SPIO nanoparticles from three independent experiments (*p < 0.05). The data from three batches of PDLI-

SPIO preparation experiments were combined.

PDLI-SPIO Can Be Used to Detect
PD-LI Expression in TMZ-Resistant GBM

Tissue

Most recurrent GBMs are resistant to TMZ.*® TMZ treat-
ment can upregulate PD-L1 expression in human GBM
cell lines.”® PD-L1 in the GBM microenvironment is con-
tributed mainly by tumor-infiltrating monocytic MDSCs
(MO-MDSCs) and by GBM tumor cells themselves.>*’
Thus, to detect PD-L1 expression in TMZ-resistant GBM
tissue, we generated a TMZ-resistant GBM cell line
(GL261/TMZ-R) from GL261 cells incubated for a long
time in a culture medium containing TMZ. The clonogenic
assay revealed that GL261/TMZ-R cells had fewer colo-
nies than did GL261 cells under normal culture conditions,
suggesting that long-term TMZ treatment decreases the
clonogenic activity of GBM cells; moreover, the number
of GL261/TMZ-R cell colonies was not affected by TMZ
treatment (Figure 4C). By contrast, GL261 cells did not
form colonies after TMZ treatment (Figure 4C). These
results indicate that GL261/TMZ-R cells can resist the
cytotoxic effects of TMZ.

The level of PD-L1 expression was slightly increased
in GL261/TMZ-R cells compared with GL261 cells
(Figure 4D). To test PDL1-SPIO binding specificity to
tumor tissues of GL261/TMZ-R-bearing mice, we treated
tumor and peritumoral tissues with PDL1-SPIO or SPIO
and performed a Prussian blue assay. Both peritumoral and
tumor regions in brain slices had positive blue signals after
treatment with PDL1-SPIO, but no signals were observed
after treatment with the SPIO control (Figure 4E). An
immunohistochemistry (IHC) staining assay also revealed
PD-L1 expression in tumor tissues when using the PD-L1
antibody (Supplementary Figure 1A) and some positive

signaling in  peritumoral and tumor regions

(Supplementary Figure 1B). We next examined the level
of PD-L1 in MO-MDSCs (CD45 "CD11b" Ly6CLy6G ")
and nonhematopoietic cells (CD45  cells) in tumor tissues

by using flow cytometry and observed that both subsets
expressed PD-L1; however, the expression was relatively
low in MO-MDSCs and nonhematopoietic cells in tumor-
bearing hemispheres (Figure 4F). Together, these findings
indicate that PDL1-SPIO can be used to detect PD-L1
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Figure 3 PD-LI expression of GL261 cells detected using PDLI-SPIO. (A) Flow cytometry analysis for surface PD-LI expression on GBM cells by using PDLI-SPIO
nanoparticles. GL261 cells were stained with SPIO nanoparticles, PDLI-SPIO nanoparticles, PD-L| antibodies, or isotype control antibodies (rat IgG2b antibody) and then
stained with PE anti-rat IgG2b antibodies. PD-L| expression was quantified based on its MFI. (*p < 0.05; n=4) (B) Evaluation of PDLI-SPIO nanoparticles targeting specificity
through IF staining. GL261 cells were fixed and incubated with SPIO nanoparticles, isotype control antibodies (rat IgG2b antibody), and PDLI-SPIO nanoparticles. After
washing with PBS, the specimens were incubated with goat anti-rat I|gG2b AF-488 antibodies to detect the presence of PD-LI| antibodies. Green, PDLI; blue, DAPI.

expression in intratumoral and peritumoral regions in
TMZ-resistant GBM-bearing mice.

MR Fitting Curve and T2 Relaxation Time

of PDLI-SPIO Phantoms

To evaluate the feasibility of using PDL1-SPIO for PDL1-
positive cell detection in MRI, PDL1-SPIO phantom scans
were performed to investigate the MRI signal intensity and
response to T2 relaxation time at various concentrations. The
signal intensity and T2 relaxation time of PDL1-SPIO sus-
pended in agarose gel with known Fe concentrations (0-15.7
pg/mL) were measured using 7-T MRI. The T2-fitting curve
of PDL1-SPIO exhibited a correlation between signal intensity
and nanoparticle concentration at TE values ranging from 8.8
to 352 ms (Figure 5A). Moreover, the PDL1-SPIO indicated
a decrease in MR T2 relaxation time with an increase in Fe
concentration (Figure 5B). The T2 relaxation time of PDL1-
SPIO nanoparticles was 92.4 ms at 0.98 pug/mlL, and this
decreased to 22.9 ms when the Fe concentration was increased
to 15.7 png/mL. Figure 5C presents the MRI signal intensities
of wvarious concentrations of PDLI1-SPIO phantoms; the
PDLI1-SPIO concentration was positively correlated with the

dark signals in T2-weighted in vitro MR images. The positive
correlations of PDL1-SPIO concentration with T2 relaxation
time and signal intensity suggest that the PDL1-SPIO can be
quantitatively detected using in vitro MRI.

Identification of PDLI-Positive GBM Cells

Through in vitro MRI

To test whether PDL1-SPIO can be used for PD-L1-posi-
tive GBM cell detection, GL261 cells were incubated with
PDL1-SPIO or SPIO nanoparticles, and SPIO signals were
detected in T2-weighted MRI images. The T2 relaxation
time was lower in PDL1-SPIO-treated GL261 cells than in
the SPIO control group (Figure 5D). These findings indi-
cate that PDL1-SPIO can be used for identifying PD-L1
positive GBM cells in MRI images in vitro.

Detection of PD-LI| in GL261/

TMZ-R GBM Through in vivo MRI

To detect PD-L1 expression in TMZ-resistant GBM
in vivo, PDL1-SPIO was administered intravenously to
GL261/TMZ-R GBM-bearing mice. The heads of tumor-
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Figure 4 Detection of PDLI-SPIO nanoparticles in the GBM cell line and TMZ-resistant tumor tissue. (A) Presence of nanoparticles in GBM cells after incubation with
PDLI-SPIO. GL261 cells were incubated with culture medium containing unconjugated SPIO nanoparticles (0.27 mg/mL) or PDLI-SPIO nanoparticles (0.27 mg/mL) for 24 h;
Prussian blue and nuclear fast red staining were then performed. Blue color indicates the presence of iron in the cells. (B) SPIO or PDLI-SPIO nanoparticle sorption was
detected in GL261 cells through TEM. GL261 cells were incubated with SPIO nanoparticles (0.27 mg/mL) or PDLI-SPIO nanoparticles (0.27 mg/mL) for 4 h before TEM.
Arrowhead, SPIO cluster; red line box, magnified area. (C) TMZ resistance of GL261/TMZ-R cells was confirmed using colony formation assay. Representative images of
GL261 and GL261/TMZ-R cell colonies after 12 days of treatment with 150 uM TMZ are shown. Quantitative results of the colony formation assay are shown as the total
number of surviving colonies/well (*p < 0.05; n = 3). (D) Flow cytometry analysis for surface PDLI expression on GL26| and GL261/TMZ-R cells. Cells were stained with
PD-LI antibodies and isotype control antibodies and then stained with PE antirat I|gG2b antibodies (n = 4). (E) PD-LI| expression in brain tissue of GL261/TMZ-R tumor-
bearing mice was detected using PDLI-SPIO nanoparticles. The brains of GL26|/TMZ-R tumor-bearing mice were fixed at posttumor inoculation day 25. The brain slices
were stained using SPIO nanoparticles (6 ug) or PDLI-SPIO nanoparticles (6 pg), after which Prussian blue assay was performed. The dotted line indicates the boundary
between brain tissue and tumor in the brain. Representative data from three independent experiments (n = 3) are shown. (F) Analysis of PD-L| expression on cell subsets in
the tumor and tumor-bearing hemisphere. At posttumor inoculation day 25, the single-cell suspensions from the tumor and tumor-bearing hemisphere were analyzed
through flow cytometry. Representative results of PD-LI expression on MO-MDSCs (CD45 "CD| I1b"Ly6C*Ly6G") and nonhematopoietic cells (CD457) from three
independent experiments (n = 3) are shown.

bearing mice were scanned using T2-, T2*-, and suscept-
ibility-weighted MRI at indicated postinjection times (0, 1,
4, and 24 h); the dark signals in the tumor were most
prominent in SWI at 4 h (Figure 6A). To confirm the
presence of targeted PDL1-SPIO in GBM tissue,
Prussian blue staining was performed to detect the pre-
sence of Fe in tumors from GBM-bearing mice after
PDL1-SPIO or SPIO nanoparticle injection. Prussian
blue staining revealed blue signals in the tumor region in
PDL1-SPIO-treated mice but not in SPIO-treated mice,
indicating that iron oxide nanoparticles were present in
tumor tissue after PDL1-SPIO injection (Figure 6B). IHC

staining also revealed positive signals of PD-L1 expres-
sion in the tumor (Figure 6B). To quantify and further test
the specificity of the binding of PDLI1-SPIO in brain
tumors of TMZ-resistant tumor-bearing mice, SPIO or
PDL1-SPIO nanoparticles were injected into tumor-bear-
ing mice, and PD-L1 expression was quantified using
a T2* map scan before and after PDL1-SPIO or SPIO
injection. Hypointense areas in the tumor region of
GBM-bearing mice were identified at 4 h after PDL1-
SPIO injection (Figure 6C). By contrast, we did not detect
notable hypointense areas in GBM-bearing mice that
received SPIO nanoparticles (Figure 6C). In addition,
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Figure 5 Detection of PDLI-SPIO binding in GL261 cells in T2-weighted MRI images. (A) Echo time curve fitting of PDLI-SPIO phantoms in various known concentrations
was measured using 7T MRI. (B) T2 relaxation time of PDLI-SPIO in known Fe concentrations (n = 3 for each concentration). (C) Corresponding signal intensity images of
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SPIO and PDLI-SPIO nanoparticle-treated GL261 cells are shown in the bar graph. (*p < 0.05; n = 3).

AR2* analysis quantified PDL1-SPIO expression in the
tumor region of tumor-bearing mice through T2* mapping
(Figure 6C), whereas no signaling was observed in the
GBM-bearing mice that received SPIO. Thus, the findings
imply that PDLI-SPIO can target PD-L1 expression in
tumors and can be detected on MRI images.

Discussion

We demonstrated a method of conjugating lipid-coated
SPIO nanoparticles with PD-L1 antibodies (PDL1-SPIO)
for MRI analysis. PDL1-SPIO nanoparticles specifically
target PD-L1-expressing GL261 cells and generate distin-
guishable signals in TMZ-resistant GBM-bearing mice in
MRI analysis. In addition, lipid-coated SPIO nanoparticles
exhibit a potent nonfouling property that efficiently sup-
presses the nonspecific sorption of SPIO nanoparticles by
GBM cells. This can reduce system noise in MRI, thus
preventing false-positive signals. Conjugating PD-L1 anti-
bodies with lipid-coated SPIO nanoparticles enabled spe-
cific targeting toward PD-L1, and the conjugation process
did not alter the antibody affinity, which was confirmed
using flow cytometry analysis, IF staining, Prussian blue

staining, and TEM. Furthermore, PDLI1-SPIO nanoparti-
cles were successfully used for in vitro and in vivo MRI
analyses. According to multiple-parameter in vivo MR
images, including SWI, T2*and T2* map images, PDL1-
SPIO nanoparticles can noninvasively reveal PD-L1
expression levels in brain tumors. According to our review
of the relevant literature, this study is the first to describe
the conjugation of PD-L1 antibodies with lipid-coated
SPIO nanoparticles.

The development of novel noninvasive approaches for
the early detection of PD-L1 is beneficial for PD-L1 diag-
Several studies have demonstrated that PD-L1
expression can be detected by radiolabeled PD-L1 antibo-

nosis.

dies through positron emission tomography imaging
analysis.*® However, these studies have also reported that
radiolabeled PD-L1 antibody-—mediated imaging has lim-
itations. Imaging with radiolabeled antibodies is associated
with considerable background signals and requires ima-
ging several days after injection of the mAbs to obtain the

3% Moreover, because radiolabeled

best contrast image.
antibodies have radioactivity, the radiation burden on

highly perfused and radiosensitive organs would be
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treated GL26|/TMZ-R tumor-bearing mice by using Prussian blue assay. PD-L| expression in tumors were determined by IHC staining. At tumor inoculation day 25, brains
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(n = 3) are shown. The letter “R” indicates the right side of the brain.

high*® The PDLI-SPIO nanoparticles used to detect
PDLI1 expression in vivo are nonradioactive, thus avoiding
this radiation burden.

TMZ treatment causes differential effects on PD-L1
expression levels in GBM cells. TMZ treatment leads to
downregulation of PD-L1 in IFN-y-stimulated human pri-
mary GBM cells.*' However, another study demonstrated
that TMZ treatment can upregulate PD-L1 expression in
the U87 and U251 human GBM cell lines.?® In the present
study, long-term TMZ treatment of GL261 murine glioma
cells did not significantly affect PD-L1 expression. These
findings suggest that TMZ treatment differentially affects
PD-L1 expression levels in various types of GBM cells

under different culture conditions. Although TMZ

treatment differentially affects the PD-L1 expression
level on different types of GBM cells, in a previous
study, the manipulation of the PD-L1 expression level
positively regulated TMZ resistance in human GBM
cells; the overexpression of PD-L1 increased TMZ resis-
tance in TMZ-sensitive GBM cells, and the silencing of
PD-L1 sensitized TMZ-resistant GBM cells to TMZ.>?
Taken together, these results indicate that the PD-LI
expression level in GBM cells is linked to the TMZ
resistance of GBM cells.

Recent clinical trials have revealed a lower response to
targeted PD-L1 immunotherapy in recurrent GBM.*
A potential explanation for the lower response may be
the reduced expression of PD-L1 in recurrent GBM.'"
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Tumor biopsy limitations, the heterogeneity of PD-L1
expression in intratumoral GBM tumor tissue, and
dynamic changes of the PD-L1 expression profile in pri-
mary and recurrent GBM are possible reasons for poor
responses to targeted PD-L1 immunotherapy. Thus, pre-
cisely measuring PD-L1 expression levels in whole tumors
would be beneficial for patients with GBM who request
targeted PD-L1 therapy. In this study, PDL1-SPIO nano-
particles targeted PD-L1 in both the edge and core regions
of the tumor, indicating that they were perfused into the
TMZ-resistant GBM tissue. Furthermore, we quantified
the PD-L1 expression level in tumors through T2* map
MR imaging. Although hypointense signals were observed
in the liver and spleen after intravenous administration of
PDL1-SPIO nanoparticles, possibly due to them being
trapped by reticuloendothelial cells in the liver and spleen
(data not shown),** they also targeted PD-L1 and gener-
ated prominent signals in brain tumors. Thus, PDL1-SPIO
nanoparticles could serve as an MRI diagnostic contrast
agent to determine the PD-L1 expression level in GBM.

The blood-brain barrier is compromised and exhibits
substantial leakiness in glioma animal models.*> Leaky
tumor vasculature with pores 7-100 nm in size allows
certain nanoparticles to accumulate in a brain tumor.*>*
Systemic circulating nanoparticles accumulate in the brain
tumor due to the leaky vasculature and defective lymphatic
drainage through the enhanced permeability and retention
(EPR) effect’’ In the current study, SPIO-PDL1 was
intravenously injected into tumor-bearing mice and was
able to reach the brain tumor through blood circulation.
The structure of PDLI1-SPIO improves the EPR-based
passive targeting effect due to the high affinity of the
PDL1 antibody to PDL1. Thus, PDL1-SPIO can specifi-
cally target PDL1 in a brain tumor for improved accumu-
lation and retention of SPIO.

Lipid-coated SPIO nanoparticles are a suitable diag-
nostic contrast reagent for application in MRI analysis.
A previous study concluded that lipid-coated SPIO nano-
particles conjugated with epidermal growth factor recep-
tor antibodies (EGFR-SPIO) can specifically detect
in a human GBM cell line.”’
However, animal experiments were not performed to
test whether EGFR-SPIO revealed EGFR expression in
GBM tumors when conducting in vivo MRI analysis. In
the present study, we demonstrated that PDL1-SPIO
nanoparticles intravenously delivered into tumor-bearing
mice can specifically target PD-L1 in the GBM. Chen

EGFR expression

et al used a high molar ratio of iminothiolane to antibo-
dies (2000:1) to thiolate EGFR antibodies, and they con-
jugated these thiolated EGFR antibodies to lipid-coated
SPIO nanoparticles. EGFR-SPIO nanoparticles exhibited
lower binding efficiency compared with control EGFR
antibodies.”” Because Traut’s reagent with iminothiolane
can randomly modify antibody molecules with sulfhydryl
groups, the antibody-binding specificity may be lost when
the amino groups are excessively thiolated in antigen-
binding regions.”® Thus, we reduced the molar ratio of
iminothiolane to PD-L1 antibodies from 2000:1 to 20:1.
The present data demonstrated that thiolated PD-L1 anti-
bodies have normal binding efficacy compared with con-
trol PD-L1 antibodies (data not shown), and they can be
conjugated to SPIO nanoparticles through the linker
SMCC.

Conclusions

We developed a PD-L1 MRI diagnostic probe that can
quantify PD-L1 expression in GBM tumors in vitro and
in vivo. The potential of a PDL1-SPIO diagnostic probe is
that it can be used to noninvasively trace the PD-L1
expression level in the GBM, thus making diagnoses
more accurate by reflecting the status of PD-L1 expression
levels in tumors at different stages of development.
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