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Abstract

Purpose: Despite the use of fluorescence-guided surgery (FGS), maximum safe resection of
glioblastoma multiforme (GBM) remains a major challenge. It has restricted surgeons between
preoperative diagnosis and intraoperative treatment. Currently, an integrated approach combining
preoperative assessment with intraoperative guidance would be a significant step in this direction.

Experimental design: We developed a novel *“Ga-IRDye800CW-BBN PET/near-infrared
fluorescence (NIRF) dual-modality imaging probe targeting gastrin-releasing peptide receptor
(GRPR) in GBM. The preclinical in vivo tumor imaging and FGS were first evaluated using an
orthotopic U87MG glioma xenograft model. Subsequently, the first-in-human prospective cohort
study (NCT 02910804) of GBM patients were conducted with preoperative PET assessment and
intraoperative FGS.

Results: The orthotopic tumors in mice could be precisely resected using the near-infrared
intraoperative system. Translational cohort research in 14 GBM patients demonstrated an excellent
correlation between preoperative positive PET uptake and intraoperative NIRF signal. The tumor
fluorescence signals were significantly higher than those from adjacent brain tissue in vivo and ex vivo
(p <0.0001). Compared with pathology, the sensitivity and specificity of fluorescence using 42 loci of
fluorescence-guided sampling were 93.9% (95% Cl 79.8%-99.3%) and 100% (95% Cl 66.4%-100%),
respectively. The tracer was safe and the extent of resection was satisfactory without newly
developed neurologic deficits. Progression-free survival (PFS) at 6 months was 80% and two newly
diagnosed patients achieved long PFS.

Conclusions: This initial study has demonstrated that the novel dual-modality imaging technique is
feasible for integrated pre- and intraoperative targeted imaging via the same molecular receptor and
improved intraoperative GBM visualization and maximum safe resection.

Key words: glioblastoma; dual-modality imaging; positron emission tomography (PET); near-infrared
fluorescence; intraoperative imaging; gastrin-releasing peptide receptor
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Introduction

Maximum safe resection of magnetic resonance
(MR) contrast-enhanced tumor is the current goal for
the treatment of both newly-diagnosed [1] and
recurrent [2] glioblastoma multiforme (GBM). It is
extremely challenging to achieve this goal because of
the aggressive and infiltrative growth, especially for
GBM involving eloquent areas in the brain.
Preoperative imaging assessment and intraoperative
image-guided surgery are key for this aim.

Several trials confirmed that even in recurrent
GBM patients, complete or maximum resection of
enhancing part could be beneficial [2]. However, for
recurrent GBM following surgery, radiotherapy, and
chemotherapy, preoperative contrast-enhanced MRI
alone cannot differentiate recurrence from radione-
crosis. In this respect, positron emission tomography
(PET) and MR spectroscopy (MRS) imaging have
some added value [3]. Also, for newly-diagnosed
GBM, biological tumor volume determined by
18F-fluoroethyl-L-tyrosine (FET) PET imaging was an
important prognostic biomarker and assisted in
maximal PET-guided tumor resection [4].

Intraoperatively, the tumor margins are indisti-
nguishable from the normal brain using a white-light
microscope. Fluorescence-guided surgery (FGS) by
5-aminolevulinic acid (5-ALA) permits real-time
intraoperative guidance for tumor visualization and
benefits patient survival [5-13]. However, 5-ALA
cannot be evaluated preoperatively for overall uptake,
especially for the secondary GBM which might have
lower grade tumor regions with low sensitivity to this
agent [14]. Another clinically used optical probe,
fluorescein sodium, is a nonspecific fluorophore that
is extracellular and associated with breakdown of the
BBB. At present, techniques for preoperative
evaluation by PET and MRI and intraoperative
image-guided surgery using the same molecular
target in glioma patients are not available.

We hypothesized that intraoperative optical
imaging of the tumor-specific molecular target
positively labeled by preoperative PET would be of
significant advantage for GBM surgery navigation.
One of the molecular targets in GBM is the gastrin-
releasing peptide receptor (GRPR), which has been
shown to be overexpressed and play a role in the
development of gliomas [15]. We previously develop-
ed %Ga-labeled bombesin (BBN) peptide derivative
NOTA-Aca-BBN (7-14) (denoted as %Ga-BBN), which
specifically targets GRPR in gliomas with a high
tumor-to-background ratio [16]. In this study, we
extended this concept by conjugating IRDye800CW, a
near-infrared fluorophore [17-24], to form the
8Ga-IRDye800CW-BBN PET/NIRF dual-modality
imaging tracer (Fig. 1A). We assessed our hypothesis

in a preclinical model and defined the optimal criteria
for translation to the first-in-human study. We
analyzed the accuracy of this technique for tumor
detection by correlating intraoperative NIRF signal
with the pathology of image-guided sampling and its
effectiveness for improving the extent of resection of
both newly diagnosed and recurrent GBM.
Furthermore, we evaluated the safety and adverse
effects of optical probe utilization.

Materials and Methods

Study design

A novel PET/NIRF dual-modality imaging
probe, ¥Ga-IRDye800CW-BBN, was evaluated for its
accuracy and safety in a preclinical orthotopic US7MG
glioma xenograft model and in a small cohort of GBM
patients. Patients with MRI imaging and/or patholo-
gical evidence of newly diagnosed or recurrent GBM
were enrolled with a written informed consent during
the period of April 2016 to October 2017 in Peking
Union Medical College hospital and Beijing Tiantan
Hospital. Exclusion criteria were mental illness;
severe liver or kidney disease with serum creatinine >
3.0 mg/dl; any hepatic enzyme level 5 times or more
than normal upper limit; severe allergy or hyper-
sensitivity to IV radiographic contrast; claustrophobia
to accept the PET/CT or PET/MRI scanning;
pregnancy or breast feeding. The aim of this study
was to explore the feasibility of the dual-modality
imaging tracer and intraoperative NIRF navigation
system for the surgical resection of gliomas while
avoiding severe neurological deficits. We, therefore,
did not strictly exclude the tumor location, such as the
tumors adjacent to or even involving basal ganglia,
thalamus or other eloquent areas. The surgeons were
blinded to the neuropathology and the neuro-
radiologists and neuropathologists were blinded to
intraoperative fluorescence. The trial was registered at
ClinicalTrial. Com (NCT 02910804).

Molecular imaging probe synthesis

Waters 600 high-performance liquid chromato-
graphy (HPLC) system with a Waters 996 Photodiode
Array Detector (PDA) using a preparative Cis HPLC
column (PROTO 300 Cig 5 pm, 250 x 20 mm, Higgins
Analytical, Inc.) was used for peptide purification.
The peptides were analyzed using a Perkin-Elmer 200
series HPLC pump with a Waters 2487 UV detector
and an analytical Ciz HPLC column (Waters
Symmetry Cis 5 pm, 150 x 3.9 mm). Mass spectra were
obtained with a Waters LC-MS system (Waters,
Milford, MA) that included an Acquity UPLC system
coupled to a Waters Q-Tof Premier high-resolution
mass spectrometer. All chemicals were purchased
from Sigma-Aldrich (St. Louis, MO) unless otherwise
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stated in the procedure.

Preparation of NOTA-IRDye800CW-BBN

To a 20 mL glass vial containing 27.5 mg of BBN
(7-14) in 2.6 mL of DMF 9.5 mg of Fmoc-lys(Boc)-OH,
25 pL of N,N-diisopropylethylamine (DIPEA) and 5
pL of diethyl cyanophosphonate (DECP) were added.
The mixture was stirred at room temperature for 2 h
and analyzed with LC-MS that showed formation of
desired product Fmoc-lys(Boc)-BBN. Fmoc protecting
group was removed by adding 0.6 mL of piperidine
and stirred at room temperature for 1 h. HPLC
purification and freeze-drying gave 185 mg
lys(Boc)-BBN with 71% yield. LC-MS: [MH]* =
1279.5933 (m/ Z), calc: 1280.7063 (C60H96N16O13S).

Lys(Boc)-BBN (18.5 mg) was dissolved in 2 mL
of DMSO, DIPEA (20 pL) and 2,2-(7-(2-((2,5-
dioxopyrrolidin-1-yl)oxy)-2-oxoethyl)-1,4,7-triazonan
e-1,4-diyl)diacetic acid (NOTA-NHS ester, Che-
Matech) (24.0 mg, 2 eq.) were added to the solution.
The mixture was stirred at room temperature for 20
min and monitored with HPLC. After lys(Boc)-BBN
was consumed and LC-MS showed desired product
NOTA-lys(Boc)-BBN, DMSO was removed by freeze
drying and Boc protecting group was removed by 0.1
mL TFA. The mixture was then purified with HPLC to
give 6.5 mg NOTA-lys-BBN with (or at) 30.6% yield.

HO;S
A 50,
HO,S. =
N = .:N IRDye800CW
§BO.H é
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) **Ga-IRDye800CW-BBN PET
s (n=11) n=3)
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~h N
\

(n=5)

> 4
“Ga-BBN PET

LC-MS: [MH]* = 1464.6552 (m/z), calc: 1465.7864
(Ce7H107N19016S).

To a 20 mL glass vial containing 6.5 mg
NOTA-lys-BBN in 1 mL of DMSO 6.0 mg of
IRdye800CW NHS ester (LI-COR, Lincoln, Nebraska)
and 10 pL DIPEA were added. The mixture was
stirred at room temperature for 1 h and purified with
HPLC to give 2 mg of the desired product with 18.5%
yield and >97% purity. LC-MS: [(MHH)/2]*+ =
12249103 (m/z), calc: 2450.0165 (C113H150N21030S5).

GBM model preclinical research

All animal experiments were approved by the
Institutional Animal Care and Use Committee of
Peking University. Five-week-old athymic female
BALB/c nude mice, purchased from the Department
of Experimental Animals, Peking University Health
Science Center, were orthotopically transplanted with
1x106 U87MG cells in PBS into the brain. After 2
weeks, the mice were anesthetized with an injection of
a mixture of ketamine, xylene, and sterile distilled
water (0.2 mL) at a ratio of 7:3:4. Based on the results
of the feasibility study, image-guided surgery was
performed on a small animal operating table
(Py2-501213, Harvard, USA) using our surgical
navigation system for precise tumor detection after
intravenous injection of 01 mg (0.1 mL) of
IRDye800CW-BBN probe.
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Fig. 1. The chemical structure of IRDye800CW-BBN tracer and the scheme of this first-in-human study. (A) Chemical structure of IRDye800CW (green) with the

BBN (black). (B) Enrollment and research scheme for the GBM patients.
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A total of 18 mice were placed under our
imaging system. Three experienced surgeons
removed the orthotopic tumor wunder NIR
fluorescence guidance. All fluorescent tumor tissues
were excised during surgery and frozen at -80 °C in
optimum cutting temperature (OCT) compound
(Leica, Germany) immediately after surgery. The
tumors were cryosectioned (Leica CM1950, Leica) to
yield sections of 4-pm thickness for hematoxylin and
eosin (H&E) staining. The frozen OCT sections were
fixed in acetone for 10 min.

PET imaging and image analysis

8Ga-BBN was synthesized following a
procedure reported previously [16, 25]. IRDye800CW-
BBN was synthesized under current good manufactu-
ring practices (cGMP) by LI-COR company [25]. The
radiolabeling of Ga-IRDye800CW-BBN was perfor-
med in a sterile hot cell. ¥Ga was eluted from a %Ge/
8Ga generator (Eckert &Ziegler, Berlin, Germany)
using 0.05 M HCl and mixed with 1.25 M NaOAc
buffer to adjust the pH value to 4.0. The mixture was
then directly transferred to a 1 mL plastic tube
containing 40 pg of NOTA-IRDye800CW-BBN. After
shaking, the mixture was incubated in a heating block
at 100 °C for 10 min. Then the reaction mixture was
cooled down, dissolved in sterile phosphate-buffered
saline, and passed through 0.22 pm aseptic filtration
membrane. Thin-layer liquid chromatography
(BIOSCAN, USA) was used to test the radiochemical
purity with CH3OH:NH40OAc (v/v 1:1) as the
developing solution. The radiochemical purity of the
product ¥Ga-IRDye800-BBN was over 95%.

Among the 14 patients, 4 patients received
simultaneous PET/MR and the other 10 patients
received PET/CT. Ga-BBN PET/CT and %Ga-BBN
PET/MR scanning was performed at 30 min after
tracer administration. %Ga-IRDye800CW-BBN PET/
CT and 9Ga-IRDyeS8O0OCW-BBN PET/MRI was
performed at 30 min and 60 min after tracer
administration. A single dose of 74-148 MBq
%Ga-BBN or %Ga-IRDyeS800CW-BBN (1.85 MBq per
kilogram of body weight) was injected intravenously.
Brain PET was performed with 10-min PET
acquisition covering the whole head of the patient.
The images were transferred to a MMWP workstation
(Siemens) for analysis.

For the 10 patients who underwent ®Ga-BBN
and/or Ga-IRDye800CW-BBN PET/CT, PET images
were co-registered to MR images with automatic
image registration and manual positioning was
performed as needed.

General biodistribution and temporal and
intersubject stability were determined by visual
analysis. Volumes of interest for normal brain tissues

and the concerned lesions were drawn using
3-dimensional ellipsoid isocontouring, and the
radioactivity concentrations and SUVs in these
volumes of interest were obtained using the
workstation software. The results were expressed as
SUVmean and SUVmax. MR and PET images were
compared and then fused together to visualize the
uptake area and the adjustment of the boundaries.

Clinical assessment and follow up

Before each time of tracer injection for
preoperative PET imaging or intraoperative FGS, we
obtained a 12-lead electrocardiogram (ECG) for
patients, and the vital signs including blood pressure,
heart rate, respiratory rate and blood oxygenation
were monitored. Any discomforts were simultane-
ously recorded, such as nausea, vomiting, short
breath, efc. The baseline parameters in blood
(complete chemistries, complete metabolic panel and
erythrocyte, white cell or platelet count) were
obtained. For safety assessment, the same blood tests
were repeatedly performed within 3 days after tracer
usage. To rule out the pyrogenic effect, the patient
temperature was recorded twice daily. If the
temperature was over 385 °C, the number of
postoperative day was recorded and the suspected
reason for fever was assessed, including
postoperative central nervous system infection
(PCNSI), aseptic meningitis, pneumonia, urinary tract
infection, efc. Cerebrospinal fluid analysis via lumber
puncture was necessary for fever differential
diagnosis. For assessing patients’ neurologic deficits
or neuropsychological effect correlating to tumor
resection, preoperative symptoms and neurologic
examination were recorded and newly developed
postoperative neurologic deficits were recorded on
the postoperative day one (POD1) and POD?. The
patient survival was followed up by enhancing MRI
every three months. The tumor progression and
overall survival were based on RANO criteria [26].
The PFS-6 was defined as the proportion of patients
with no progression 6 months after operation.

Intraoperative NIRF imaging

1.0 mg IRDye800CW-BBN of 1 mL saline was
injected intravenously 2 h before anesthesia indu-
ction. FGS was performed using our intraoperative
imaging system, as previously described [27-30].
Near-infrared (NIR) fluorescence images were
acquired and displayed in real time. Based on our
previous methods, we further updated our system to
provide an improved optical path design, optimized
handheld light source, and efficient image algorithms
for best visualization. Relative fluorescent units (RFU)
were measured for tumor and background, and
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signal-to-background ratio (SBR) was calculated by
dividing in vivo tumor or ex vivo tissue RFU by
respective RFU [18, 31].

If the tumor involved the cortex area, the
handheld NIRF detector was used immediately after
dura opening to visualize whether the positive
fluorescence was obvious and determine the tumor
borderline. The tumor was resected along the
boundary (usually within the region of reactive
gliosis) to decrease blood loss under the guidance of
white-light microscope (M205FA, Leica, Germany).
The tumor bed or cavity was then illuminated with
NIRF detector. If fluorescence was present in safe area
(likely not the direction of eloquent area), the tissue
was further resected and the specimens from different
loci were separately submitted to neuropathology. If
safe, one biopsy form nonfluorescent area around
tumor cavity was collected. However, for the patients
with tumors involving eloquent areas, no obligatory
tissue biopsy from nonfluorescent area was obtained.
The RFU of ex vivo tissues were also measured.

These patients did not receive any other
fluorescence-guided operation intraoperatively. Any
other techniques, such as intraoperative ultrasound
and MRI, were not utilized. If a navigation system
was used, the simultaneous PET/MR was directly
imported in the platform of Medtronic Navigation
system STEALTHSTATION TREON Plus (No.108
8309). If only PET/CT was performed, the enhanced
MRI imaging and %Ga-BBN or %Ga-IRDye800CW-
BBN PET/CT imaging were imported and fused in
the same platform. The navigation system was only
used for incision, bone flap, cortex incision region or
cortical fistulization design and was not used while
resecting the tumor or dissecting the residual tumor
around the tumor cavity.

Image analysis

The preoperative contrast-enhanced MRI was
performed within 1 week preoperatively. Early
postoperative MRI was obtained within 72 h after
operation. All MR scans were performed on a 3.0 T
scanner with a head coil, and 0.1 mmol/kg body
weight Magnevist was injected intravenously. Slice
thickness was 5 mm. All MRI scans were evaluated
centrally at the department of neuroradiology in
Beijing Tiantan Hospital.

The volumes were calculated with manual
segmentation of tumor outline using Picture Archi-
ving and Communication Systems (PACS) system
(Neusoft PACS Version 5.5) and the areas on each
slice were added and the sum was multiplied by the
thickness of each section [32]. The contrast-enhanced
volume was defined as the area of high signal
intensity on contrast-enhanced Ti-weighted (T1W)

MRL

The completeness of tumor resection was
determined based on the contrast-enhanced volume
less than 0.175 cm?3 [5]. The extent of resection was
calculated as (preoperative contrast- enhanced
volume-postoperative contrast enhanced volume)/
preoperative contrast enhanced volume *100%.

Pathological analysis

The samples were managed according to the
protocol published previously [16]. The pathology
was determined by three neuropathologists
separately, and if any discrepancy, the consensus was
reached by another higher-level pathologist. The
criteria of pathology diagnosis are the 2016 World
Health Organization Classification of Tumors of the
Central Nervous System (CNS WHO) [33].

Statistical analysis

Statistical analysis was performed by using
GraphPad Prism 6.0. Values were expressed as means
+ SD. The sensitivity, specificity and other diagnostic
parameters were defined [34]. The RFU and SBR were
compared by using the Paired t test.

Results

Preclinical optical imaging of GBM animal
model

We examined whether our probe could delineate
clear margins of orthotopic brain tumors in situ and
further refine tumor resection. As shown in Fig. 2,
initial post-injection images revealed not only the
bulk tumor but also highlighted the invasive and
irregular tumor margins.

During the traditional surgery of the orthotopic
tumors, the remnant tumor tissues could not be
detected by the naked eye even by three experienced
surgeons and it was difficult to avoid the dissection of
healthy brain tissues. For mice experiment, we
injected the IRDye800CW-BBN probe, orthotopic
tumors could be completely resected using the
near-infrared intraoperative system. During the entire
operation, the orthotopic brain tumor margins were
clearly visualized assisting the surgeons to perform
the precise resection of tumors. If the fluorescence
signal indicated the presence of remnant tumor
tissues around the margins of the surgical cavity,
additional surgery of the tumor margins could be
performed and confirmed by pathology.

Overall characteristics of this cohort

Fourteen patients were enrolled in this cohort.
There were 12 males and 2 females, and the median
age was 47 years old. There were 8 newly diagnosed
and 6 recurrent GBM. Among the 6 recurrent GBM
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patients, two patients had the first diagnosis of
glioblastoma multiforme, while the other 4 had
anaplastic astrocytoma. According to the classification
by Sawaya and colleagues [35], 10 patients presented
with grade Il lesions (tumors in eloquent brain areas),
2 patients with grade II (near-eloquent brain areas)
and 2 patients with grade I lesions. Median
preoperative tumor volume was 55.49 c¢m? (range,
7.00-159.19 cm?®) based on contrast-enhanced T1W
MRL

Preoperative PET imaging and biodistribution

The biodistribution of radiotracer %Ga-BBN in
healthy volunteers and glioma patients have
previously been reported [16]. All 14 patients
underwent preoperative PET. Three of the patients
accepted PET scanning with both %Ga-BBN and
8Ga-IRDye800CW-BBN  within one week for
comparative analysis of the two tracers. We observed
similar biodistribution in normal brain tissues with
the standardized uptake value SUVmean of 0.10 £ 0.02.
8Ga-BBN PET showed prominent tracer accumula-
tion in the lesions. Quantitative analysis yielded
SUVmax and SUVmean values of 1.70 + 0.39 and 1.08 +
0.30, respectively, and tumor-to-background (T/B)
ratios based on SUVmax and SUVmean were 19.54 + 4.20
and 12.12 £ 2.38, respectively. In %Ga-IRDye800CW-

A B

Fluorescence Color

Intraoperative Preoperative

Postoperative

BBN PET, additional uptake of brain blood pool was
observed at 30 and 60 min after injection, as well as a
low background signal in the normal brain tissues
with the SUVmean of 0.08 £ 0.03. Similar tracer
accumulation within the brain lesions was detected on
8Ga-IRDye800CW-BBN PET scans compared with
08Ga-BBN for the same patients (Fig. 3). Quantitative
analysis yielded SUVpax and SUVmean values on
08Ga-IRDye800CW-BBN PET of 1.47 + 0.26 and 1.01 +
0.22, respectively, and T/B ratios based on SUVmax
and SUViean were 19.61 £ 2.76 and 1343 + 1.27,
respectively. Thus, no significant difference of
radiotracer biodistribution in normal brain tissues
and tumor lesions was found between %¥Ga-BBN and
8Ga-IRDye800CW-BBN PET (P > 0.05).

The remaining 11 patients underwent %Ga-BBN
PET (n = 7) or %Ga-IRDye800CW-BBN PET (n = 4).
Ga-BBN PET imaging showed positive results in 7
patients (4 newly diagnosed and 3 recurrent) with
quantitative SUVnax values of 1.67 = 0.39 and T/B
ratios of 18.09 £ 3.5. Ga-IRDye800CW-BBN PET
showed tracer accumulation in the 4 patients (2 newly
diagnosed and 2 recurrent) with quantitative SUV max
and T/B ratios of 1.01 + 0.39 and 14.5 £ 4.3, 0.93 £ 0.25
and 20.0 + 2.5 at 30 min and 60 min, respectively.

H&E

Fig. 2. The intraoperative fluorescence-guided surgery of GBM. The fluorescence image confirmed tumor existence of the nude mice (A). color images were
acquired to evaluate the residuals in a step-by-step manner (B). The fluorescence and color images showed that all the fluorescent tissues were removed from the
mouse (C). The H&E images confirmed the results of tumor (D). Scale bars, preoperative row, 5 mm; intraoperative row, 5 mm; postoperative row, 3 mm. Scale bar,

H&E column 2, 1, 0.2 mm, respectively for rows 1-3.
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Intraoperative optical and postoperative
imaging assessment

Among the 14 patients enrolled, tumors from 12
patients were in the cortex and white matter areas,
whereas the other two were deeply seated in the
thalamus and medial temporal and insula (Patients 4
and 5 in Table 1). In the case of 12 patients, the
fluorescence was illuminated immediately after
opening the dura. The boundary of normal cortex and

the tumor could be readily outlined. However, in
Patients 4 and 5 with deep-seated tumors, after initial
cortical fistulization, the brain retractor was utilized
for sufficient tumor exposure. In these two cases, the
fluorescence signal was weaker (Fig. S1B) than in
patients with tumors involving the cortex area and
those who had a much larger cavity after surgical
tumor debulking.

Table 1, Clinical characteristics, tumor location, clinical symptoms and fluorescence-guided surgery of this GBM cohort. The quantitative
assessment of preoperative tumor volume in MRI and PET, extent of resection as well as the intraoperative fluorescence was recorded.

Pati Gender Age Tumor Eloquence Recurrent Preoperative Postoperat % of Complete Visible Fluorescence Preoperative Postoperative
ent (M/F) Location  Grade tumor T1 post-Gd  ive T1 resectio resection fluoresc density & location symptoms status
No. (Y/N) enhancemen post-Gd n (YN, ence (same with
t (cm3) enhancem <175 mm3) after postoperative MRI
ent (cm3) resectio enhancement? Y/N)
n (Y/N)
1 M 48 Right il N 83.09 0.108 99.9 Y Y Minimal, Right-sided ~ Same
Parietal / deep cavity (Y) hemiparesis
Occipital (V)
2 M 59 Left I N 16.90 0.145 99.1 Y N / Intracranial ~ Right-sided
Parietal/ hypertension; hemiparesis
Occipital facial (II), recovered
numbness 1 month
postoperativel
y
3 M 55 Left I N 71.57 0 100 Y N / Right extreme Same
Frontal/ numbness;
Temporal fine motor
/Parietal control
difficulty
4 M 15 Thalamus 1II N 14.53 0.510 96.5 N Y Deep cavity (Y) Intracranial ~ Improved
/ hypertension;
Midbrain left vision
difficulty;
hearing loss
5 M 46 Left I N 8.51 0.800 90.6 N Y Deep cavity (Y) Intracranial ~ Improved
Temporal hypertension;
/ Insula Right-sided
hemiparesis
(m
6 M 37 Left I N 29.67 0 100 Y N / Intracranial ~ Improved
Frontal & hypertension
Insula
7 M 64 Left I N 87.76 0.152 98.3 Y N / Intracranial ~ Improved
Temporal hypertension;
& Insula dysphonia
8 M 53 Right I N 7.00 0 100 Y N / Secondary Improved
Temporal epilepsy
9 F 49 Left I Y 96.20 7.30 92.4 N Y Anterior cavity (Y)  Right-sided = Same
Frontal/ hemiparesis
Parietal /1 (III-IV); motor
nsula aphasia
10 M 60 Right I Y 57.68 0.158 99.7 Y N / Epilepsy Improved
Frontal
1 F 39 Right I Y 53.31 8.460 84.1 N Y Deep cavity & Intracranial ~ Improved
Frontal/ corpus callosum (Y) hypertension
corpus
callusum
12 M 31 Left I Y 24.55 1.793 92.7 N Y Deep cavity (Y) Intracranial ~ Improved
Frontal hypertension
13 M 28 Right I Y 57.86 14.649 74.7 N Y Anterior cavity (Y) left-sided Same
Frontal/ hemiparesis
Temporal (I-11)
14 M 42 Left 111 Y 195.19 3.413 98.3 N Y Anterior cavity & Headache; Headache;
Temporal splenium of corpus  hemianopia; memory
/ Occipital callosum (Y) writing improved
inability;
memory
deficiency
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A
RS ::z." A

Fig. 3. Similar uptakes of the 68Ga-NOTA-BBN and 68Ga-IRDye800-NOTA-BBN tracers in PET/CT for a newly-diagnosed GBM patient. (A) ¢Ga-NOTA-BBN
(7-14) PET MIP and PCT/CT images 30 min after 68Ga-NOTA-BBN infusion. (B) ¢Ga-IRDye800-NOTA-BBN (7-14) PET MIP and PCT/CT images 60 min after

68Ga-IRDye800-NOTA-BBN administration.

The intraoperative IRDye800CW-BBN FGS
appeared to have clear advantages as illustrated by
the example of Patient 3 displayed in Figure 4. When
the dura was opened, the tumor fluorescence in the
cortical area was obvious and was not affected by the
superficial blood due to enough washout interval
(Fig. 4B). After surgery, the residual tumor could not
be differentiated from the adjacent brain tissue by
white light microscopy but clearly showed positive
fluorescence in the deep tumor cavity by the
dual-modality imaging (Fig. 4C). After all fluorescent
areas were totally resected (Fig. 4D), the postoper-
ative MRI did not show residual enhancement (Fig.
4E). The pathology and GRPR immunostaining
analysis confirmed the accuracy of fluorescence-based
sampling and GRPR specificity (Fig. 4G-J).

With the strictest criteria of less than 0.175 cm? as
complete resection [5], 7 patients achieved complete
resection. For newly diagnosed GBM, complete
resection was achieved in 6 out of 8 patients except for
Patients 4 and 5, who had deep-seated tumors located
in the thalamus and medial temporal insula,
respectively eloquence grade III and grade II. In
recurrent GBM, complete resection was achieved in 1
out of 6 patients due to the extremely huge area of
contrast enhancement and radionecrosis following
surgical intervention, radiotherapy, and chemother-
apy. However, if we considered complete resection as
removal of more than 95% of the initially enhanced
tumor volume [8], the probe helped achieve complete

resection in 9 patients, especially 7 among 8 newly
diagnosed GBM patients.

We compared the intraoperative fluorescence
signals with the residual enhancement areas in
postoperative MRIs (Table 1). If the visible
fluorescence was left in tumor cavity to protect the
involved eloquent areas, the postoperative MRI
showed residual contrast-enhanced tumors in the
same position except in Patient 1 with complete
resection of tumor but minimal fluorescence in the
deep tumor cavity. Examples of details of contrast
enhanced MRI, both from the residual tumors in
postoperative MRI and intraoperative fluorescence
left in the cavity, are shown in Fig. S1 for Patient 4,
Fig. S2 for Patient 5, Fig. S3 for Patient 9, Fig. S4 for
Patient 11, Fig. S5 for Patient 12, and Fig. S6 for
Patient 14. These figures showed that the
intraoperative fluorescence was identical to the
enhancement in the postoperative MRI, which were
eloquent areas that had to be protected
intraoperatively.

In vivo and ex vivo fluorescence and correlation
with pathology

The optical probe was uptaken well by the tumor
and washed out by the adjacent normal brain. The
RFU of the tumors were significantly higher than
those in the background in vivo (137.9 + 67.3 vs. 41.6 +
24.2, p <0.0001) and ex vivo (142.2 £ 38.3 vs. 33.0 £ 12.7,
p < 0.0001). The SBR of the in vivo and ex vivo tissue
was not significantly different (Fig. 5).
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Intraoperative fluorescence guided surgery

A. Preop. MRI B. After dura opening

F. Preop. PET/MRI G GRPR IHC Staining

-
9

!
[R \'.tch o ,05..- -
1 - V" b ) ;' v‘*th.

AR A
;!'.‘:.l,‘e e G" m;.‘ 5

7
i, i el Do A

et age s i B

C. Residual tumor

H. H&E Stalnlng

E. Postop. MRI

D. Postop. tumor cavity

Fig. 4. ©8Ga-IRDye800-BBN PET/NIRF dual-modality imaging guided GBM resection for patient 3. Axial Ti-weighted (T1W) MRI showed a left temporal and parietal
glioblastoma (eloquence ) in a 55-year-old man and obvious enhancement 30 min after intravenous injection of gadolinium (A). The fused ¢Ga-BBN PET/MRI
showed positive probe uptake with clear margin (F). After dura opening, the fluorescent tumor was obviously seen by the NIRF imaging system, and indicated with
the green dashed line in the white-light imaging (B, Scale bar, 5mm.). Of note, the blood was not fluorescent and did not influence the tumor visualization. It was
difficult to differentiate the residual tumor (indicated with green dashed line) and adjacent normal brain tissue by intraoperative white-light microscope (C); however,
the residual tumor was fluorescent in the deep tumor cavity (C) and was confirmed by H&E staining (H, scale bar 50um) and had abundant GRPR positive cells (G,
scale bar 20um). After resecting the residual fluorescent tumor, the cavity showed no fluorescence (D) and further small tissue foci along the cavity was confirmed
as normal brain tissue by H&E staining (H) and only a few scattered GRPR positive cells can be found (J). The postoperative enhancing MRI demonstrated complete

resection of enhanced region (E).

A total of 31 fluorescent and 11 nonfluorescent ex
vivo specimens were obtained intraoperatively. The
details of their location, fluorescence signal, pathol-
ogy, and WHO grading were shown in Table S2.
Examples of two nonfluorescent tumor specimens
from Patient 12 were displayed in Fig. S7B and Fig.
S7C. These two specimens were false negatives, one
of which was the tumor boundary tissue with
scattered tumor cells in the brain tissue with a large
amount of atypical gliosis; the other was diagnosed as
oligodendroglioma and astrocytoma with an
aggressive growth pattern in the low-grade region of
the tumor. These examples indicate that relatively
smaller density of tumor cells or lower grade areas of
the secondary GBM might be nonfluorescent.

The match between the NIRF signal and
pathology was summarized in Table S3. The
sensitivity was calculated to be 93.9% (31/33, 95% CI
79.8%-99.3%). The specificity was very strict with
normal brain tissue and no evidence of any grade of
tumor and was 100% (9/9, 95% CI 66.4%-100%).
Therefore, the specimen-by-specimen analysis yielded
a diagnostic accuracy of 95.2% (40/42). With stringent
pathology criteria for all grades of glioma, the positive
predictive value (PPV) and the negative predictive
value (NPV) were 100% (95% CI 88.8%-100%) and

81.8% (95% C1 48.2%-97.7%), respectively. To quantify
the fluorescence signal, the SBR of pathology
demonstrated GBM ex vivo tissue was significantly
higher than that of non GBM (4.91 + 0.61 vs. 1.14 £ 0.19,
p =0.0003).

Safety and adverse effects

Patients” discomforts and other safety issues
(liver and renal toxicity and pyrogenic effect) of
IRDye800CW-BBN tracer after intraoperative utilize-
ation are presented in Table S1. No allergy or renal
function damage was noticed. Hepatic enzymes,
especially glutamic-pyruvic transaminase, were
initially increased in most patients within the first
week after surgery but subsequently normalized with
no clinical significance. Five patients had fever within
4 to 7 days postoperatively. The PCNSI or aseptic
meningitis were confirmed by the clinical
manifestation and cerebrospinal fluid analysis.
Among the 14 patients enrolled, 11 patients
complained of transient nausea which usually
disappeared within 15 minutes.

Patient survival

As shown in Table 2, all patients were followed
up with the median period of 6.5 months (range
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1.5-18.9 months). The pathologic molecular profiling
associated with patients’ survival, including MGMT
methylation status, TERT mutational status, IDH
mutational status and 1p19q codeletion status, and
postoperative therapy were also shown. Among the 5
newly diagnosed GBM patients with longer than 6
months follow-up, 4 patients achieved PFS-6, thus the
PFS-6 was 80%. Of note, Patients 1 and 3 with
complete resection and following treatment of
standard Stupp protocol did not progress after 16.2
and 12.2 months since operation. Even for the
recurrent GBM with complete resection in Patient 10,
the tumor did not progress after 18.8 months.

Discussion

There is a critical need for a specific tumor
visualization technique capable of distinguishing the
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Fig. 5. Quantification of fluorescence imaging for in vivo and ex vivo pathology demonstrated GBM
or adjacent brain tissue. Relative fluorescent units (RFU) were acquired during intraoperative
fluorescent imaging of residual tumor in vivo and NIRF region superimposed on white light (A). The
ex vivo tissue of the fluorescent GBM tissue and adjacent brain tissue both demonstrated by
pathology were shown in (B). Example of RFU calculation is shown. Five points are chosen in the
fluorescent gross tumor (red circles) and another five points in the surrounding cortical or tumor
cavity as background (yellow triangles), the mean RFU are calculated and the Signal-to-background
ratio (SBR) is thus calculated. The RFU of the tumor were significantly higher (***p < 0.0001) than
those in the background, in vivo and ex vivo. But the SBR of in vivo and ex vivo tissue was not different
significantly (C). The SBR of pathology demonstrated GBM ex vivo tissue was significantly higher (***

p < 0.001) than that of non GBM. Data are RFU and SBR * SD.

Non GBM

tumor from normal brain intraoperatively that can
assist surgeons to achieve gross total resection of the
infiltrative GBM while benefiting patients by
protecting neurological functions. In the past, a
variety of anatomical imaging techniques have been
utilized for guiding tumor resection, such as
MRI-based neuronavigation, intraoperative ultrasou-
nd and MRI (iMRI), and metabolism-based intraoper-
ative imaging, such as 5-ALA or fluorescein sodium-
induced fluorescence imaging. These techniques
improved gross total resection (from 69.1%-84.4%)
and led to significant prolongation of PFS [5, 36-39].
However, there are limitations to each of these
techniques. The navigation system cannot solve the
intraoperative brain shift and is difficult to precisely
resect the tissue based on the preoperative MRI
navigation. In addition to being cost prohibitive, iMRI
disrupts the flow of surgery adding at
least one additional hour of operative
time and cannot integrate with PET
imaging intraoperatively. 5-ALA optical
imaging has relatively low sensitivity and
specificity particularly in heterogeneous
tumors [14, 40, 41]. Furthermore, these
techniques cannot evaluate the same
specific tumor target pre- and intraope-
ratively.

In the present study, we developed a
unique dual-modality PET/optical imagi-
ng probe which was based on our
previously described ¢Ga-BBN PET
tracer to specifically image the GRPR
receptor expression in vivo on gliomas of
different WHO grades [16]. This is the
first translational study performed in
GBM patients comparing the preoper-
ative GRPR receptor biodistribution with
the traditionnal gadolinium enhancement
in MRI This unique dual-modality
imaging probe not only enabled preoper-
ative assessment for resection accuracy
but also allowed real-time optical
navigation intraoperatively for achieving
maximal safe resection.

We observed a strong correlation
between the PET uptake, fluorescence,
and GBM pathology, indicating that the
tracer uptake was a result of specific
GRPR binding. Several significant advan-
tages of this probe in the first-in-human
study were obvious. First, an extremely
low dose of probe was sufficient for
PET/optical imaging (40 pg per patient
for preoperative PET and 1 mg per

patient for intraoperative optical imaging
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vs. 20 mg/kg for oral 5-ALA and 5 mg/kg for
intravenous fluorescein sodium). Second, the
dual-modality probe could be used preoperatively
and intraoperatively and was both safe and
well-tolerated. And third, compared to the white light
microscope identifying tumors based on superficial
texture or color change, this near-infrared
fluorescence-based technique was far more sensitive.
This was especially helpful in detecting the residual
foci with penetration depths of up to several
millimeters after debulking most of the tumor and
ensuring tumor resection within the tumor range and
not damaging the adjacent normal brain. This cohort
achieved 80% PFS-6 for newly-diagnosed GBM
patients, higher than 46% in those of 5-ALA [42]. The
PFS of the two patients with complete resection, more
than 16.2 and 12.2 months, were longer than reported
before (median PFS, 7 months [13] and 6.9 months
[43]). Thus, this dual-modality imaging GRPR-
specific probe could be utilized intraoperatively to
visualize tumor margins without brain shift and
might improve patient survival.

The trial of 5-ALA and fluorescein only enrolled
newly diagnosed, untreated malignant glioma

patients and excluded patients with tumors of the
midline, basal ganglia, and other locations that did
not allow complete resection [5, 13]. Our series of 14
GBM patients included 8 newly diagnosed and 6
recurrent GBM, among which 10 patients having
tumors of eloquence grade III and 2 with eloquence
grade II. In order to protect the neurofunctions, the
tumors in some patients were not able to be resected
completely. Another operation influencing factor was
the preoperative tumor volume. The median volume
based on enhancing T1 weighted MRI in this cohort
was 55.49 cm?, which was much larger than that in a
phase II study of fluorescein-guided surgery (28.75
cm®) [13]. Significantly, of the 8 newly diagnosed
GBM, 6 patients achieved complete resection even
with 5 tumors in eloquent brain areas as eloquence
grade III. In the other 2 patients, complete resection
was not possible as one tumor was in the thalamus
involving midbrain and the other was in the temporal
and insula lobe. Although the residual tumors
exhibited positive fluorescence in resection cavity
intraoperatively, complete resection was avoided to
protect neurofunctions.

Table 2. Patient follow-up data including postoperative therapy, the survival profile and associated pathology profiling.

Patient Molecular pathology profiling Complete Follow-up Postoperative therapy PFS for newly  OS for newly OS for recurrent
No. resection  duration GBM (months) GBM (months) GBM (months)
(Y/N) (months)

1 MGMT(+),1p19q codeletion(-) Y 16.2 RT + concomitant TMZ + TMZ (6) 16.2+ / /
MGMT (+), TERTmutation(+), Y 9.2 TMZ (5) 3.9 9.2 /
IDHmutation(-), 1p19q
codeletion(-)

3 MGMT(+), TERTmutation(-), Y 122 RT + concomitant TMZ + TMZ (10) 12.2+ / /
IDHmutation(+), 1p19q
codeletion(-)

4 MGMT(-), TERTmutation(-), N 8.1 TMZ (6) 7.4 8.1 /
IDHmutation(-), 1p19q
codeletion(-)

5 MGMT(+), TERTmutation(+), N 6.4 RT + concomitant TMZ +TMZ (6) 6.4+ / /
IDHmutation(+), 1p19q
codeletion(-)

6 MGMT(-), TERTmutation(-), Y 2.0 RT + PCV chemotherapy 2.0+ / /
IDHmutation(-), 1p19q
codeletion(+)

7 MGMT (+), TERTmutation(+), Y 1.5 RT + concomitant TMZ 1.5+ / /
IDHmutation(-)

8 MGMT(+), TERTmutation(+), Y 1.5 RT + concomitant TMZ 1.5+ / /
IDHmutation(-)

9 MGMT(-),IDHmutation(-), 1p19q N 6.4 No / / 6.4
codeletion(-)

10 MGMT(-),IDHmutation(-), 1p19q Y 18.9 No / / 18.9+
codeletion(-)

11 MGMT (+),IDHmutation(+), N 15 No / / 1.5
1p19q codeletion(-)

12 MGMT (+),IDHmutation(+), N 6.5 TMZ (5) / / 6.5
1p19q codeletion(-)

13 MGMT(-), TERTmutation(+), N 10.6 TMZ + bevacizumab (5) / / 10.6
IDHmutation(+), 1p19q
codeletion(-)

14 MGMT (+), TERTmutation(+), N 5.5 RT + concomitant TMZ + TMZ (6) / / 5.5

IDHmutation(-), 1p19q
codeletion(-)

RT (radiotherapy), TMZ (temozolomide), PCV (procarbazine, lomustine, vincristine), PFS (Progression-free survival), OS (Overall survival).
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At this point, the optical imaging technique was
not optimal for the deep-seated tumors (Patients 4
and 5) and, due to the light diffusion in deep tumor
cavity, the SBR was not adequate during surgery. In
future clinical trials, the correlation between the NIRF
intensity and cellularity, proliferation index, and
other molecular pathological characteristics will be
analyzed to further optimize the dual-imaging probe.
Although the technique appears to have significant
potential for larger safe extent of resection and better
prognosis, the limited number of patients with
insufficient follow-up interval did not allow more
definitive correlation of this technique with clinical
outcomes. Future work will be designed in
randomized clinical trials with more strict inclusion
criteria, for example enrollment of only newly
diagnosed patients with GBM eligible for total
resection, to assess the effectiveness of this technique
in improving patient survival.

In conclusion, this first-in-human study
highlights an approach that uses the PET/NIRF
dual-modality technique with %Ga-IRDye800CW-
BBN in the preoperative assessment and FGS of GBM.
This novel imaging probe has demonstrated its
potential for maximum safe resection of difficult to
access tumors without damaging the normal brain
tissue.
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