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Background: Prostate specific membrane antigen (PSMA) PET imaging has recently
gained attention in glioblastoma (GBM) patients as a potential theranostic target for PSMA
radioligand therapy. However, PSMA PET has not yet been established in a murine GBM
model. Our goal was to investigate the potential of PSMA PET imaging in the syngeneic
GL261 GBM model and to give an outlook regarding the potential of PMSA radioligand
therapy in this model.

Methods: We performed an 18F-PSMA-1007 PET study in the orthotopic GL261 model
(n=14 GBM, n=7 sham-operated mice) with imaging at day 4, 8, 11, 15, 18 and 22 post
implantation. Time-activity-curves (TAC) were extracted from dynamic PET scans (0-120
min p. i.) in a subset of mice (n=4 GBM, n=3 sham-operated mice) to identify the optimal
time frame for image analysis, and standardized-uptake-values (SUV) as well as tumor-to-
background ratios (TBR) using contralateral normal brain as background were calculated
in all mice. Additionally, computed tomography (CT), ex vivo and in vitro 18F-PSMA-1007
autoradiographies (ARG) were performed.

Results: TAC analysis of GBM mice revealed a plateau of TBR values after 40 min p. i.
Therefore, a 30 min time frame between 40-70 min p. i. was chosen for PET quantification.
At day 15 and later, GBM mice showed a discernible PSMA PET signal on the inoculation
site, with highest TBRmean in GBM mice at day 18 (7.3 ± 1.3 vs. 1.6 ± 0.3 in shams;
p=0.024). Ex vivo ARG confirmed high tracer signal in GBM compared to healthy
background (TBRmean 26.9 ± 10.5 vs. 1.6 ± 0.7 in shams at day 18/22 post
implantation; p=0.002). However, absolute uptake values in the GL261 tumor remained
low (e.g., SUVmean 0.21 ± 0.04 g/ml at day 18) resulting in low ratios compared to dose-
relevant organs (e.g., mean tumor-to-kidney ratio 1.5E-2 ± 0.5E-2).
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Conclusions: Although 18F-PSMA-1007 PET imaging of GL261 tumor-bearing mice is
feasible and resulted in high TBRs, absolute tumoral uptake values remained low and hint
to limited applicability of the GL261 model for PSMA-directed therapy studies. Further
investigations are warranted to identify suitable models for preclinical evaluation of PSMA-
targeted theranostic approaches in GBM.
Keywords: Prostate specific membrane antigen (PSMA), 18F-PSMA-1007 PET, glioblastoma, GL261,
preclinical, mouse
1 INTRODUCTION

Prostate specific membrane antigen (PSMA, synonyms: folate
hydrolase I, glutamate carboxypeptidase II) targeted positron
emission tomography (PET) imaging and radioligand therapy
have gained increasing attention in recent years. Research efforts
focusing on castrate resistant prostate cancer have resulted in the
successful implementation of PSMA radioligand therapy into
clinical routine, thus providing a valuable therapeutic option (1–6).
PSMA overexpression can not only be found in prostate cancer
but also in the neovasculature-associated endothelium of highly
vascularized tumors such as renal cell carcinoma (7, 8) and
glioblastoma (9–12). Glioblastoma (Glioblastoma multiforme,
GBM) is the most frequent malignant primary brain tumor and
highly aggressive with median survival being less than 20 months
under standard therapy consisting of surgery, radiotherapy
and chemotherapy with temozolomide (13–16). PSMA
overexpression in GBM provides new options for PSMA based
imaging and especially therapy that are desperately needed in
clinical management.

Few studies with small numbers of patients have shown that
PSMA PET imaging of glioma and glioblastoma is promising,
showing high contrast of tumor and healthy brain tissue (17–21).
However, there is little data available on PSMA radioligand
therapy in GBM. Especially in GBM mouse models, data both
for PSMA PET imaging and for PSMA radioligand therapy
are lacking despite their potential in contributing to the
understanding of PSMA pathophysiology in GBM. Hence, we
investigated PSMA PET imaging in a murine GBM model in
order to more thoroughly understand PSMA PET tracer uptake
of GBM and to evaluate opportunities for potential PSMA
radioligand therapy approaches in this model.

Here, we performed dynamic and static 18F-PSMA-1007 PET
scans on GBM-bearing mice (murine GL261 cell line) and sham
, Background; CLS, Cell Line Services;
tomography; DMEM/F-12, Dulbecco’s
re F-12; DMSO, Dimethyl sulfoxide;
multiforme; GT VOI, General tumor
; HEPES, (4-(2-hydroxyethyl)-1-
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y; PSMA, Prostate specific membrane
oswell Park Memorial Institute; STR,
d uptake value; TAC, Time-activity-
tio; TBR, Tumor-to-background ratio;
r-to-parotid gland ratio; TRIS, Tris(2-
TTP, Time-to-peak; VOI, Volume-

2

operated mice amounting to a total of 69 PET scans. In addition,
in vitro uptake assays were conducted including GL261 cells,
human U87 GBM cells (as the most common human GBM cell
line) and LNCaP and PC-3 cells as PSMA positive and negative
controls, respectively. Autoradiography (ARG) and computed
tomography (CT) were used to confirm PSMA signal and tumor
location. Uptake specificity was assessed with a competitive
binding assay.
2 MATERIAL AND METHODS

2.1 Study Design
In this multimodal preclinical study, in vivo and in vitro
experiments including longitudinal 18F-PSMA-1007 PET
imaging were performed to evaluate PSMA as a potential
theranostic target in the most common murine syngeneic
GBM model GL261. All animal experiments were performed
in accordance to the FELASA guidelines and the German Animal
Welfare Act and were reviewed and approved by the local
regulatory authority, Regierung von Oberbayern.

In a first cohort, 4 tumor bearing mice (GBMmice, GL261 cell
line) and 3 sham mice received dynamic 18F-PSMA-1007 PET
imaging (0-120 min p. i.; 13.13 ± 1.44 MBq 18F-PSMA-1007 per
mouse) at day 15 or 18 post implantation to evaluate 18F-PSMA-
1007 uptake kinetics including time-activity-curves (TAC) and to
determine an optimal time frame for following static PET imaging.

A second cohort with a total of 12 mice (8 GBM, 4 sham
mice) received longitudinal static 18F-PSMA-1007 PET imaging
(40-70 min p. i.; 13.32 ± 2.54 MBq 18F-PSMA-1007) at day 4, 8,
11, 15, 18 and two mice also at day 22 after tumor implantation.
On day 4 the measurements of only 5 GBM and 3 sham mice
were included in statistical analyses due to incomplete data
acquisition or tracer injection of 4 mice (3 GBM, 1 sham) (also
see Table 1). For the same reasons 1 GBM mouse on day 18 had
to be excluded from statistical analysis. 3 mice had to be
euthanized before scheduled due to critical health condition on
day 16, 18 and 21.

All mice received contrast-enhanced CT between 2-4 hours
prior to each PET. Mice were sacrificed immediately after their
last PET scan to receive ex vivo and in vitro 18F-PSMA-1007
ARG as well as histopathologic staining. Table 1 gives a
summary of the study design.

Two additional mice were used for in vivo competitive
binding assays to evaluate 18F-PSMA-1007 uptake specificity as
described below.
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2.2 Cell Preparation
The GL261 murine glioblastoma cell line was obtained from the
National Cancer Institute (NCI, Frederick, MD, USA) and
cultured at 37°C and 7.5% CO2 in DMEM supplemented with
10% heat-inactivated fetal calf serum (FCS), 100 units/ml
penicillin, and 0.1 mg/ml streptomycin (all from Thermo
Scientific, Schwerte, Germany). The U87 human glioblastoma
cell line was purchased from Cell Line Service (CLS, Heidelberg,
Germany) and cultured under identical conditions. The human
prostate cancer cell lines PC-3 and LNCaP were also purchased
from CLS and were cultured in DMEM/F12 GlutaMAX medium
supplemented with 5% FCS, 100 units/ml penicillin, and 0.1 mg/
ml streptomycin at 37°C and 7.5% CO2, or in RPMI 1640
medium supplemented with 10% FCS, 100 units/ml penicillin,
0.1 mg/ml streptomycin, and 1% HEPES (all from Thermo
Scientific) at 37°C and 5% CO2, respectively. The identity of all
human cell lines was confirmed by short tandem repeat (STR)
typing (service provided by the DSMZ, Braunschweig,
Germany). All cell lines were passaged in 2-3 d intervals at
1:10 ratio using Trypsin/EDTA (Thermo Scientific).

2.3 In Vitro Evaluation
To evaluate 18F-PSMA-1007 internalization and binding (in the
following referred to as uptake) in the murine glioblastoma cell
line GL261 and human glioblastoma cell line U87, an in vitro
uptake assay was conducted. PSMA positive LNCaP and PSMA
negative PC-3 human prostate cancer cell lines served as positive
and negative controls, respectively.

Threedifferentcelldensities (6×105, 8×105, and1×106 cells per
well) ofGL261,U87, LNCaP andPC-3 cells were seeded 24 h before
the experiment in 6-well plates. The cells in each well were then
incubated with 200 µl of 18F-PSMA-1007 plus 600 µl of the
corresponding cell medium (corresponding to 89.40 kBq of 18F-
PSMA-1007 per well) for 60 or 120min at 37°C and 5% CO2. After
incubation, supernatant was disposed and cells were washed with
Frontiers in Oncology | www.frontiersin.org 3
800µl phosphate-buffered saline (PBS).Tomeasure the 18F-PSMA-
1007 uptake, cells were subsequently incubated twice for 10 min
with 800 µl of 1M NaOH and supernatant was collected in
measurement tubes. Radioactivity was measured using a
gammacounter and given in counts per minute (CPM). As a
reference for PSMA uptake, six tubes with 200 µl 18F-PSMA-1007
plus 600 µl PBS were used to estimate initially added tracer activity
and correct for pipetting errors. Uptake was calculated as a fraction
of initially added tracer activity (CPM/CPMIA, [%]). The assay was
conducted in duplicates.

2.4 In Vivo Evaluation
2.4.1 Animal Model and Tumor Implantation
Female C57BL/6 mice (8-10 weeks old) were obtained from
Charles River (Sulzfeld, Germany) and housed in ventilated
cages in a pathogen-free animal facility with a 12 h day/night
cycle. Mice were provided with standard rodent food and water
ad libitum, and inspected on a daily basis.

Implantation was performed at day 0. All other times given
refer to the day after implantation. For orthotopic implantation
GL261 cells were cultured as described above and detached by
trypsinization, washed twice in phosphate-buffered saline (PBS,
Thermo Scientific), counted by using a Neubauer counting
chamber, and resuspended at a final concentration of 10,000
cells/ml. 1 ml (10,000 cells) was used for inoculation. Implantation
was performed as previously described (22). In brief, after pre-
medication and anesthesia (200 µg/g metamizol, 100 µg/g
ketamine and 10 µg/g xylazine, all WDT, Garbsen, Germany)
heads were mounted on a stereotactic frame (David Kopf
Instruments, Tujanga, CA, USA). Skulls were exposed by a
longitudinal skin incision, and a hole was drilled 1.5 mm
laterally and 1 mm anterior to the bregma. After stereotactical
injection of 10,000 GL261 cells (GBM mice) or 1 µl saline for
control (shammice) into the right striatum, the skin was sutured,
and mice were monitored until regaining consciousness.
TABLE 1 | Overview study design.

Day PSMA PET CT PSMA ARG

n (GBM | sham) n (GBM | sham) n (GBM | sham)

Dynamic imaging
15a 3 (2 | 1) 7 (5 | 2) 2 (2 | 0)
18 4 (2 | 2) 4b (2 | 2) 2 (2 | 0)

7 (4 | 3) 11 (7| 4) 4 (4 | 0)
Longitudinal imaging
4c 8 (5 | 3) 12 (8 | 4) −

8 12 (8 | 4) 12 (8 | 4) −

11 12 (8 | 4) 12 (8 | 4) −

15 12 (8 | 4) 12 (8 | 4) 1 (0 | 1)
18c 10 (7 | 3) 11d (8 | 3) 8 (6 | 2)
22 2 (1 | 1) 2 (1 | 1) 2 (1 | 1)

56 (37 | 19) 61 (41 | 20) 11 (7 | 4)
Competitive binding
16 2 (2 | 0) − 2 (2 | 0)
Total 65 (43 | 22) 72 (48 | 24) 17 (13 | 4)
November
 2021 | Volume 11 |
aDue to technical difficulties only 3 out of 7 PET scans could be acquired successfully. CTs were performed as planned. bCTs were performed the day prior to PET scans. cFrom the total of
12 mice (8 GBM, 4 sham) in the longitudinal imaging cohort the measurements of 4 mice (3 GBM, 1 sham) on day 4 and 1 GBM mouse on day 18 were excluded from statistical analysis
due to incomplete data acquisition or tracer injection dOne mouse had to be euthanized after CT and received no PET.
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2.4.2 Positron Emission Tomography (PET)
Tracer injection and PET imaging (Siemens Inveon DPET,
Siemens, Erlangen, Germany) were performed on a heating
plate and under anesthesia (1.5% isoflurane at 3.5 L/min in
oxygen). Mice on average received a bolus injection of 13.30
MBq ± 2.44 18F-PSMA-1007 in 200 µl of saline into the tail vein.
18F-PSMA-1007 was synthesized as previously described
(23, 24). Transmission for scatter and attenuation correction
was obtained using a rotating 57Co point source. Image
reconstruction was done as described previously (25): The
procedure contains three dimensional ordered subset
expectation using four iterations and 12 subsets followed by a
maximum a posteriori algorithm with a beta value of 0.01 and 32
iterations. Images were corrected for scatter and attenuation and
revised for 18F decay. Voxel dimension was 0.40 mm ×
0.40 mm × 0.79 mm using a zoom factor of 1.0 and a 256 ×
256 × 161 matrix.

Dynamic PET imaging was performed with emission
recorded 0-120 min p. i. followed by a 15 min transmission
scan and reconstructed with 31 frames. Static PET images were
acquired 40-70 min p. i. with 15 min transmission recorded prior
or after emission with one 30 min frame reconstructed.

2.4.3 Contrast-Enhanced Computed
Tomography (CT)
For the first cohort of mice (dynamic PET) contrast-enhanced
conebeam computed tomography scans were performed as
previously described (22) using a small animal radiation
research platform (SARRP, X-strahl, Camberley, Great Britain).
Briefly, mice received an intravenous 300 µl imeron-300
(equivalent to 90 mg iodine, Bracco, Konstanz, Germany) bolus
injection 3 min prior to CT acquisition for contrast enhancement.

For the second cohort of mice (static PET) the Molecubes X-
CUBE (Molecubes, Belgium) was used. Contrast agent injection
and anesthesia were performed as described above.

2.4.4 Image Analysis
Image analysis was done using PMOD (PMOD Technologies
Limited, Switzerland). Reconstructed PET images were fused
manually onto their respective CT.

For volume-of-interest (VOI) based PET image analysis
tumor and background VOIs were defined. The background
was defined as a fixed volume (30 mm3) background (BG) VOI
in the unaffected tumor free contralateral hemisphere for all
mice. For all GBMmice with PSMA signal above BG at the site of
implantation, an individual tumor VOI using a 50% isocontour
threshold (Iso50) was generated. For sham mice and GBM mice
with no PSMA signal above BG at the site of implantation, a
general tumor (GT) VOI with a fixed volume of 35 mm3 was
defined and set in the right hemisphere. For parotid glands, bone
marrow and kidneys VOIs were generated similarly using a 50%
isocontour threshold.

Maximum and mean standardized uptake values (SUVmax,
SUVmean) were determined normalized by body mass and
applied tracer activity, given in g/ml. Tumor-to-background
ratios (TBR) were calculated by dividing SUVmean and SUVmax

of the tumor VOIs by the SUVmean of the BG VOI (TBRmean and
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TBRmax, respectively). Tumor-to-kidney (TKR), -parotid gland
(TPR) and -bone marrow (TBmR) ratios were calculated
accordingly and determined for day 15 after implantation in
the longitudinal cohort. SUVs and TBRs in dynamic images were
assessed using time weighted summation images 40-70 min p. i.
Time-activity-curves for 0-120 min p. i. were extracted and used
for kinetic analysis.

2.4.5 Autoradiography (ARG)
For ex vivo ARG mouse brains were removed from the skull and
placed into a base mold embedded in cryo-matrix immediately
after euthanization (< 5 min after end of PET scan). After snap
freezing the brains for 5 min in a -80°C refrigerator, they were
fixed in a Leica CM 1510-1 Cryostat (Leica Microsystems,
Nussloch, Germany) at -20°C. Mouse brains were cut
horizontally in 16 µm cryosections and every 24th, 25th and
26th section were mounted onto a glass slide. The slides were
covered for a minimum of 12 hours with an imaging plate
(Fujifilm; BAS cassette2 2025).

For in vitro ARG the tissue was covered with a solution of 18F-
PSMA-1007 and TRIS-buffer solution (approx. 60 kBq/µl). After
incubation for 1 h, the slides were washed in TRIS-buffer again,
dried and covered with an imaging plate.

The plates were scanned at 25 µm resolution using Raytest
equipment (CR 35 Bio, Dürr Medical, Germany). Image analysis
was done using AIDA image analyzing software (V450).
Regions-of-interest (ROI) were determined using the
isocontour tool. A background ROI was defined manually
in the contralateral tumor free hemisphere and TBRmean

was calculated.

2.4.6 Histopathology
16 µm cryosections were prepared as described above and
mounted onto a glass slide. Haematoxylin and eosin (H&E)
staining was performed according to a standard protocol. An
additionally performed CD31 immunohistochemical staining is
reported in the Supplementary Material.

2.4.7 Competitive Binding Assay
5 mg cold PSMA-1007 reference standard (ABX, Radeberg,
Germany) were dissolved in 48.5 µl dimethyl sulfoxide
(DMSO) and 4.8 ml water. 2 GBM mice received 100 µl of the
solution (1 mMol, 1% DMSO, corresponding to 100 nmol
PSMA-1007 reference standard) through the tail vein
immediately prior (< 20 s) to injection with hot 18F-PSMA-
1007 (20.06 ± 0.38 MBq, molar activity 106.62 MBq/nmol). Static
PET scans were performed on day 16. Mice were euthanized
immediately after the PET scan for ex vivo autoradiography.
Tumor signal and kidney signal in PET scans were compared to
the unblocked GBM mice of the dynamic imaging cohort (n=4).
To test whether the blocking was successful kidney uptake was
assessed and compared.

2.4.8 Statistical Analysis
Statistical analysis was done using SPSS (IBM, version 21.0).
Differences in SUV between GBM and sham mice were
compared using Student’s t-tests. For differences in TBR values
November 2021 | Volume 11 | Article 774017
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Mann-Whitney-U-tests were used. A p-value of less than 0.05
was considered significant.
3 RESULTS

3.1 In Vitro Studies
Uptake of 18F-PSMA-1007 is given as a fraction of initially added
activity (CPM/CPMIA). Figure 1 shows the uptake after 60 and
120 min tracer incubation for different cell densities respectively.

LNCaP cells showed the highest 18F-PSMA-1007 uptake
independent of cell densities and incubation times ranging from
3.66% (60min, 6 × 105 cells per well) to 10.17% (60min, 1 x 106 cells
per well). U87 andGL261 glioblastoma cell lines showed similar 18F-
PSMA-1007 uptake to PSMAnegative PC-3 cells for all densities and
incubation times,withmaximumuptakeof 0.59% forPC-3 (60min,1
x106cellsperwell), 0.64%forU87(120min,6×105cellsperwell) and
0.73% for GL261 (60 min, 1 x 106 cells per well).

3.1 In Vivo Studies
3.1.1 Dynamic PET Scans
All GBM mice of the dynamic imaging cohort (n=4) showed an
increased PSMA PET signal at the site of implantation
(Figure 2A); average SUVmax and SUVmean for the entire
group using the Iso50 tumor VOI were 0.67 ± 0.02 g/ml and
0.37 ± 0.08 g/ml, respectively. Healthy brain tissue on the other
hand showed very low PSMA signal in PET images resulting in
positive tumor contrast (e.g., TBRmean 6.9 ± 1.5, 40-70 min p. i.,
see time-activity-analysis below for selection of time frame).

Sham mice showed no increased signal at the site of
implantation compared to healthy brain tissue (p=0.858, see
Figure 2E); the signal in shammice was lower compared to GBM
mice with TBRmean 1.0 ± 0.1 (p=0.057), SUVmax 0.25 ± 0.06 g/ml
(p=0.005), and SUVmean 0.06 ± 0.01 g/ml (p=0.002).

Contrast enhanced CT (Figure 2B) and H&E staining
(Figure 2C) confirmed the existence and location of the tumor.
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3.1.2 Analysis of Time-Activity-Curves
GBM and sham mice showed similar tracer kinetics within the
site of implantation (see TACs, Figure 3A). The PSMA signal in
the Iso50 VOIs of GBM mice showed an early peak with time-to-
peak (TTP) between 1.5 and 3.5 min followed by a decreasing
kinetic. At the respective peak times, SUVmax ranged from 1.49
to 1.98 g/ml (average SUVmax at TTP: 1.69 ± 0.19 g/ml) and
SUVmean ranged from 0.61 to 0.83 g/ml (average SUVmean at
TTP: 0.54 ± 0.09 g/ml).

All three shammice showed TTP of 1.5 min. At TTP, SUVmax

ranged from 0.78 to 1.34 g/ml (average SUVmax at TTP: 1.00 ±
0.24 g/ml) and SUVmean ranged from 0.17 to 0.36 g/ml (average
SUVmean at TTP: 0.26 ± 0.08 g/ml).

Bone marrow and parotid gland in GBM mice also showed
early TTP but with average peak SUVmean being considerably
higher with 1.89 ± 0.98 g/ml for bone marrow and 1.22 ± 0.44 g/
ml for parotid gland. Average kidney uptake in GBM mice
increased over time and showed SUVmean > 14.00 g/ml 1 h p. i.
(see Supplementary Material).

TBRmean for GBM mice increased over time with a maximum
value of 7.9 at 77.5 min p. i. (Figure 3B). TBRs reached a plateau
beginning approximately 40 min p. i. Therefore the authors
chose a time frame of 40 – 70 min p. i. for VOI-based uptake
quantification and further static scans. A 30 min time frame was
chosen to correct for possible volatility in image acquisition.

3.1.3 Longitudinal Imaging
Figure 4A gives example PET scans of one GBM and one sham
mouse from day 4 to 22. Figure 4B gives the SUVmean for GBM
and sham mice at the respective PET scan date.

All longitudinally scanned GBM mice showed an increase in
PSMA signal over time at the site of implantation while sham
mice showed no increase (Figure 4B). PET signal increased at
day 15 and later with visually identifiable tumors for all GBM
mice (n=8). The individual Iso50 VOI was used in addition to the
GT VOI to determine SUVmean for day 15 and 18. From day 15
FIGURE 1 | In vitro 18F-PSMA-1007 uptake. CPM/CPMIA: Internalization and binding given as a fraction of initially added activity. LNCaP and PC-3 cells served as
PSMA positive and negative controls, respectively.
November 2021 | Volume 11 | Article 774017
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to 18, SUVmean rose from 0.08 ± 0.02 g/ml to 0.13 ± 0.02 g/ml for
the GT VOI and from 0.14 ± 0.04 g/ml to 0.21 ± 0.04 g/ml for the
Iso50 VOI respectively. At day 15 SUVmean for the Iso50 VOI
differed significantly from the signal in the implantation location
in sham mice (p=0.001). At day 18 SUVmean showed a significant
difference for GT VOI (p=0.003) and the Iso50 VOI (p<0.001).

Accordingly, GBM mice TBRmean were constant at day 4, 8,
and 11 and increased at day 15 and 18 (Figure 4C). TBRmean for
day 15 and 18 were 2.9 ± 0.9 and 4.5 ± 0.9 for the GT VOI and
4.8 ± 1.5 and 7.3 ± 1.3 for the Iso50 VOI respectively. The
TBRmean in GBM mice were significantly higher than the
TBRmean in sham mice at day 15 (p=0.004 for both VOIs) and
18 (p=0.024 for both VOIs).

Average Tumor-to-kidney, -bone marrow and -parotid gland
were determined in GBM mice for day 18. TKRmean was 1.5 ×
10-2 ± 0.5 × 10-2, TBmRmean 0.4 ± 0.1 and TPRmean 0.1 ± 0.1.

3.1.4 Autoradiography
In concordance with the impressions provided by PET scans,
tumors in ex vivo ARG showed a strong signal whereas healthy
brain tissue barely showed any uptake (Figures 2D, 5).
Interestingly, an increased signal at the periphery of the tumors
could be found in 6 of 10 GBM mice (arrows in Figure 2D and
Figure 5). Sham mice displayed an increased ventricular uptake
and showed no signal in the site of implantation (Figure 2F).
Frontiers in Oncology | www.frontiersin.org 6
TBR for GBM and sham mice differed significantly with 26.9 ±
10.5 and 1.6 ± 0.7 respectively (p=0.002).

In in vitro ARG, by contrast, the tumor uptake was lower than
the uptake in healthy brain tissue (Figure 5). It appeared that
there was even no uptake at all in the respective lesion.

3.1.5 Competitive Binding Assay
Surprisingly, the signal at the site of implantation in blocked
mice (average SUVmean 0.71 ± 0.24 g/ml) was higher than in mice
that received no blocking (average SUVmean 0.38 ± 0.08 g/ml).
Kidney uptake on the other hand was lower in blocked mice
as expected.
4 DISCUSSION

Our results show that PSMA PET imaging is feasible in a GBM
mouse model. We were able to confirm the high tumor-to-
background-ratios that could be shown in human patients.
Standardized-uptake-values on the other hand were low and
hint to a limited eligibility of the GL261 model for an application
of PSMA radioligand therapy.

As previous data has shown, PSMA expression in GBM is
most likely not primarily related to tumor cells like in prostate
cancer, but mainly occurs in the tumor-associated neovasculature
FIGURE 2 | 18F-PSMA-1007 PET (A, E), CT (B), H&E (C) and ex vivo ARG (D, F). PET images were fused onto an MRI template. Asterisk, tumor. Yellow
delineation in (B) for better visibility. Arrow, Increased peripheral signal. Arrowheads, ventricles; circumventricular organs.
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(9, 26, 27). In concordance with those findings, we were able to
show that one of the most common murine GBM cell lines,
GL261, and one of the most common human GBM cell lines,
U87, (i. e. both non-endothelial tumor cells) do not show any
in vitro 18F-PSMA-1007 uptake (Figure 1). It has to be noted, that
the uptake in our in vitro experimental setting was not corrected
for unspecific uptake and might also measure tracer that is bound
to the cellular surface. Nonetheless, the measured activity in
GL261 and U87 cells was similar to the uptake of the negative
control and can be interpreted to show no uptake. Liu et al. (2011)
(28) and Nguyen et al. (2016) (29) were able to show that tumor
cell medium could induce PSMA expression in vitro in human
endothelial umbilical vein cells, which might be a promising
step in establishing in vitro models for the study of PSMA
uptake in GBM. However, up to now, only in vivo models
provide a sufficient blueprint of the tumor neovasculature and
its complex interplay with the tumor microenvironment.

In the in vivo study evaluating 18F-PSMA-1007 PET scans in
one of the most commonly used syngeneic GBM mouse model
(using the GL261 cell line), visual detection of GBM was clearly
feasible (Figure 2) resulting in TBRs up to 7.3. Additionally, in
Frontiers in Oncology | www.frontiersin.org 7
the longitudinal PET imaging cohort the 18F-PSMA-1007 signal
in GBM mice steadily increased over time, both in intensity and
extent (e.g., see Figure 4). These results are in concordance with
findings in glioblastoma patients that also show high TBR values
in PSMA PET (30, 31). The high TBRs in PET were confirmed by
high tumor-to-background contrast in ex vivo ARG.
Interestingly, high resolution ex vivo ARG showed a slightly
increased uptake in the tumor periphery, which has been
previously described in a GBM model in rats by Oliveira et al.
(2020) (32). The authors relate this enhanced uptake in the
tumor periphery to astrocytic activation, which has yet to be
confirmed for the GL261 model.

Notably, the level of TBR values in the current 18F-PSMA-
1007 PET study was higher than the average TBR values obtained
on O-(2-18F-fluoroethyl)-L-tyrosine (18F-FET) PET imaging, the
current gold standard for glioma PET imaging (33) (e. g., TBRmax

on 18F-FET PET in the GL261 GBMmodel = 3.2 (25), vs. 11.3 on
18F-PSMA-1007 PET). Likewise, in human patients 18F-FET PET
imaging results in lower TBRs than reported for PSMA PET
imaging (34). Although 18F-PSMA-1007 PET imaging of GBM
was associated with high TBRs using the GL261 model, the
A

B

FIGURE 3 | Time-activity-curves (TAC). (A) Individual TACs for n = 4 GBM (red dotted line) mice and n = 3 sham mice (blue dotted line) as well as the average
SUVmean for GBM (red solid line) and sham mice (blue solid line) are given. (B) TBRmean increased and stabilized after 40 min (max. 7.9 at 77.5 min). Therefore a
40-70 min time frame was chosen for further static scans.
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absolute uptake values were comparably low (e. g., SUVmean

0.21 ± 0.04 g/ml at day 18). Instead, the PSMA uptake in bone
marrow, parotid gland and kidney was considerably higher than
in the tumor, resulting in very low tumor-to-kidney, tumor-to-
bone marrow and tumor-to-parotid gland ratios (TKRmean 1.5 ×
10-2 ± 0.5 × 10-2, TBmRmean 0.4 ± 0.1 and TPRmean 0.1 ± 0.1; see
Supplementary Material).

Time-activity-curves of dynamic 18F-PSMA-1007 PET showed
no difference between GBM and sham mice in the kinetic uptake
pattern (Figure 3). The early TTP and subsequent decreasing
kinetics in both GBM and sham mice indicate a continuous
clearance of 18F-PSMA-1007. In comparison, TACs of prostate
cancer tumor models show increasing kinetics and retention of
PSMA (23, 35). Similarly, a recent case report (36) showed an
increasinguptake of 177Lu-PSMA-617within24hours in the caseof
Frontiers in Oncology | www.frontiersin.org 8
a glioblastoma patient with a slow clearance up to 14 days after
injection. Tumor-to-organ ratios in LNCaP tumor bearingmice on
the other hand have been reported to be much higher (e.g. tumor-
to-bone marrow > 20) with accumulation of tracer in the tumor
tissue over time (37). Although our data does not include 18F-
PSMA-1007 PET acquisitions later than 120 min p. i., the
unfavorable tracer kinetics in combination with an overall low
SUV advocate against the present experimental setup for the
specific investigation of PSMA radioligand therapy. It has to be
noted, that only an 18F-labeled tracer has been used and no full
dosimetry with a therapeutic tracer has been performed.
Nevertheless, the current findings point to the inherent
importance of a strictly theranostic approach for the investigation
of PSMA radioligand therapy, since PSMA uptake does not appear
to be present in all murine GBM, consistent with a highly
A

B

C

FIGURE 4 | Longitudinal 18F-PSMA-1007 PET image fused on respective CT (A), SUVmean (B) and TBRmean (C). GT VOI, General tumor VOI. Day 4: (n = 5 GBM
mice, n = 3 sham mice); day 8, 11 and 15: (all 8 GBM | 4 sham); day 18: (6 GBM | 3 sham); day 22 (1 GBM | 1 sham). *p < 0.05. **p < 0.01. ***p < 0.001.
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heterogeneous PSMA expression in human GBM (38). While
tumor-to-background contrast has been reported to be high in
multiple studies (17–21) the absolute uptake values between
patients vary considerably [e.g. TBRs ranging from 4.07 to 134.8
(18)].The relationshipbetweenPSMAexpressionand tracer uptake
remains unclear. An ongoing prospective clinical trial aims to
contribute to the discussion by evaluating the correlation between
PSMA expression and 18F-PSMA-1007 uptake in first-diagnosed
GBM patients (NCT04588454) (39).

Indeed, the present results lead us to hypothesize that the low
uptake in the GL261 tumor model is most likely primarily due to
a blood-brain-barrier (BBB) defect and not to specific binding to
Frontiers in Oncology | www.frontiersin.org 9
PSMA for the following reasons: First and foremost, the
competitive binding assay indicated that the tumor signal in
blocked mice is higher than the uptake in unblocked mice
(Figure 6). We propose that this effect may occur due to
higher tracer availability in the mouse blood because binding
sites in mouse organs with high physiologic PSMA expression
are blocked and therefore not available for peripheral tracer
binding. While the results of this assay should not be
overemphasized due to small number of cases which do not
allow to statistically support our claim, the presented data
indicates that blocking was not achieved in the tumor. Further,
circumventricular organs which dispose of highly permeable
FIGURE 6 | Tumor (left) and kidney (right) 18F-PSMA-1007 uptake in blocked and unblocked mice. Blocked mice received a bolus injection of cold PSMA reference
standard prior to PET imaging with hot 18F-PSMA-1007. Surprisingly, the SUVmean was lower in unblocked mice than in blocked mice. Kidney uptake decreased in
blocked mice and confirms successful blocking (right).
FIGURE 5 | 18F-PSMA-1007 ex vivo ARG and in vitro ARG in GBM. Asterisk, tumor. The ex vivo ARG (left) gave higher signal in tumor tissue than in the healthy
brain tissue. The in vitro ARG on the other hand showed lower signal in the tumor tissue than in the healthy brain tissue.
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capillaries showed high 18F-PSMA-1007 tracer accumulation in
ex vivo ARG as well (Figure 2F), which is probably related to the
absence of a BBB in this area. Thus, the increased PET signal in
GBM might be analogously related to unspecific tracer
accumulation in areas with disrupted BBB, although an
additional specific uptake component cannot be excluded, as
previously shown (32). Likewise, unspecific 18F-PSMA-1007
signal caused by a BBB defect has been reported before by
Salas Fragomeni et al. (40) in a case of cerebral radionecrosis.
Surprisingly, the in vitro 18F-PSMA-1007 ARG showed a
decreased signal in the tumor area compared to the healthy
brain tissue (Figure 5). This finding would also fit to unspecific
18F-PSMA-1007 signal within the tumor area in PET and in the
ex vivo autoradiography. On the other hand, the negative in vitro
ARGmay simply be due to the fact that an in vivo process may be
a key prerequisite for tumoral 18F-PSMA-1007 uptake, therefore
leaving the significance of the in vitro ARG findings unclear with
regard to the hypothesis. Also, it is unlikely that 18F-PSMA-1007
tracer exhibits impaired binding specificity to the murine PSMA
protein in general, as we were able to block 18F-PSMA-1007
uptake in the kidney, which in the C57BL/6 is known to express
the murine PSMA protein (41, 42).

In sum, the commonly used GL261 model, although resulting
in high tumor-to-background contrast on PSMA PET imaging,
harbors potential limitations with regard to the application of
PSMA radioligand therapy. Presumably, a more detailed
understanding of the pathophysiologic mechanisms for
assumed specific and nonspecific PSMA uptake in GBM will
be helpful when aiming for PSMA radioligand therapy. Although
we were able to demonstrate that the GL261 model displays
endothelial cells (see CD31 immunohistochemical staining in
Supplementary Material) inclusion of additional tumor models
with differential vascular properties as well as models which
allow for a selective manipulation of the BBB may provide
additional insights to this end. Here, incubation media-specific
properties have to be acknowledged as well, as they may impact
on the degree of infiltrative growth and BBB integrity and
therefore contribute to mirror a more reliable in vivo biology
of human glioblastomas as compared to the GL261 model used
in the current study (43). For the evaluation of PSMA
radioligand therapy in genreal, but especially in more
infiltrative models, dual tracer studies including both PSMA
ligands and amino tracers such as FET should be envisaged, in
order to better take into account the non-contrast enhancing
tumor volume (44). Further preclinical investigations into PSMA
PET and radioligand therapy in GBM are warranted.
CONCLUSION
18F-PSMA-1007 PET imaging of GBM results in high TBRs, as in
the current study for the first time shown for the GL261 model,
being one of the most frequently used GBM mouse models.
However, the high contrast is predominantly due to low PSMA
uptake in healthy brain tissue. Absolute tumoral PSMA uptake in
PET instead remained low which hints to a limited eligibility of
Frontiers in Oncology | www.frontiersin.org 10
the GL261 model for an application of PSMA radioligand
therapy. Therefore, further investigations into PSMA in GBM
mouse models are warranted in order to establish a preclinical
model for the evaluation of PSMA radioligand therapy.
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