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Upregulation of prostate-specific membrane antigen (PSMA) in neo-
vasculature has been described in glioblastoma multiforme (GBM),
whereas vasculature in nonaffected brain shows hardly any expression
of PSMA. It is unclear whether PSMA-targeting tracer uptake on PET is
based on PSMA-specific binding to neovasculature or aspecific uptake
in tumor. Here, we quantified uptake of various PSMA-targeting tracers
in GBM and correlated this with PSMA expression in tumor biopsy
samples from the same patients. Methods: Fourteen patients diag-
nosed with de novo (n = 8) or recurrent (n = 6) GBM underwent a pre-
operative PET scan after injection of 1.5 MBg/kg [(®Ga]Ga-PSMA-11
(h = 7), 200 MBq of ['®FIDCFpy! (n = 3), or 200 MBq of ['®FIPSMA-
1007 (n = 4). Uptake in tumor and tumor-to-background ratios, with
contralateral nonaffected brain as background, were determined. In a
subset of patients, PSMA expression levels from different regions in the
tumor tissue samples (n = 40), determined using immunohistochemis-
try (n = 35) or RNA sequencing (n = 13), were correlated with tracer
uptake on PET. Results: Moderate to high (SUV,ax, 1.3-20.0) hetero-
geneous uptake was found in all tumors irrespective of the tracer type
used. Uptake in nonaffected brain was low, resulting in high tumor-to-
background ratios (6.1-359.0) calculated by dividing SUV,,ax of tumor
by SUVhax of background. Immunohistochemistry showed variable
PSMA expression on endothelial cells of tumor microvasculature, as
well as on dispersed individual cells (of unknown origin), and granular
staining of the neuropil. No correlation was found between in vivo
uptake and PSMA expression levels (for immunohistochemistry, r =
—0.173, P = 0.320; for RNA, r = —0.033, P = 0.915). Conclusion: Our
results indicate the potential use of various PSMA-targeting tracers in
GBM. However, we found no correlation between PSMA expression
levels on immunohistochemistry and uptake intensity on PET.
Whether this may be explained by methodologic reasons, such as
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the inability to measure functionally active PSMA with immunohisto-
chemistry, tracer pharmacokinetics, or the contribution of a disturbed
blood-brain barrier to tracer retention, should still be investigated.
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Glioma is the most frequent type of primary brain tumor, of
which glioblastoma multiforme (GBM) is the most malignant sub-
type. Newly diagnosed GBM patients face a dismal prognosis, with
a median overall survival time of 15-18 mo. Treatment options are
limited, especially at progression. Therefore, research into targeted
therapies is highly desired.

A target that has gained increased attention is prostate-specific
membrane antigen (PSMA), a type 2 transmembrane glycoprotein
receptor that was found to be expressed on neovasculature of vari-
ous solid tumors (/). Immunohistochemistry studies have shown
that in GBM, PSMA is expressed on neovasculature in 31%—-100%
of cases (2—12) and absent from vasculature in nonaffected brain
areas. High expression of PSMA on neovasculature in GBM corre-
lates with increased angiogenesis (9) and poor prognosis (3,5,8,9).
Besides expression on neovasculature, expression of PSMA has
been observed on tumor cells, although to a lesser extent (8,73), and
tumor cell expression levels did not correlate with survival (5).

Various PSMA-targeting radiotracers are used in clinical prac-
tice for detection, staging, recurrence evaluation, and radionuclide
therapy in prostate cancer (/4). Some of these tracers have been
applied recently to molecular imaging of GBM. These studies showed
enhanced uptake of all investigated PSMA-targeting tracers in both
de novo and recurrent GBM (7,15-21). However, it is unknown
whether the current tracers bind specifically to PSMA-expressing
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microvasculature or tumor cells or the uptake visible on PET
images simply reflects a disturbed blood-brain barrier, resulting in
aspecific retention of the tracer. For the potential of PSMA-targeting
radionuclide therapy, exact localization of the tracer in the tumor
area is considered important, because lack of internalization in tumor
cells could lead to rapid washout and short retention times (22). Fur-
thermore, particularly for a-emitting radionuclides with high linear
energy but short range, internalization into tumor cells—or at least
sufficient retention time at the tumor sitte—would likely be needed
to enable effective induction of cellular damage.

In this multicenter inventory study, we aimed to evaluate tumor
uptake of several PSMA-targeting tracers (['SF]JPSMA-1007,
['®F]DCFPyl, and [*®Ga]Ga-PSMA-11) in patients with histopatho-
logically confirmed de novo or recurrent GBM. In a subset of
patients, we correlated tracer uptake visible on PET images with
PSMA expression in image-guided multisector tumor biopsy sam-
ples obtained during resection of the tumor.

MATERIALS AND METHODS

Patients

Nine patients with high suspicion of a de novo or recurrent GBM
based on MRI were included in separate prospective studies that were per-
formed at Erasmus Medical Center Rotterdam (Erasmus MC, 5 patients;
NCT05798273) and Radboud University Medical Center Nijmegen (Rad-
boudumc, 4 patients; NCT04588454). Ethical approval was obtained
separately by each of the local institutional review boards. At Amster-
dam University Medical Center (Amsterdam UMC, 3 patients) and
University Medical Center Utrecht (UMCU, 2 patients), patients with
high suspicion of a recurrent GBM were scanned under compassionate
use as part of regular clinical care. All patients gave written informed
consent for use of their data. Available data were combined for the pur-
pose of this article in a retrospective setting. More details on materials
and methods are presented in the supplemental materials (supplemental
materials are available at http://jnm.snmjournals.org).

Image Acquisition

All patients underwent PET scanning on injection of 1 of the 3 PSMA-
targeting tracers ([*Ga]Ga-PSMA-11, ['*F]DCFPyl, or ['*F]PSMA-1007)
within a range of 1-17 d before surgery or 1-3 mo before surgery for
2 patients who were scanned at UMCU. The image acquisition details
are described in Supplemental Table 1.

Image Analysis

SUVs were calculated to enable semiquantitative analysis of tracer
uptake in tumor using in-house software. Volumes of interest were
automatically drawn around the brain regions that showed high focal
uptake. Tumor-to-background ratios were calculated by dividing SUV .«
of tumor by SUV,,,« of background, as in Kunikowska et al. (23), and
SUV nean 0of tumor by SUV e, of background. In addition, the overlaps
between gadolinium-based contrast agents enhancing areas of tumor on
MRI and tracer uptake on PET were visually assessed by nuclear phy-
sicians. SUV ., was also assessed for parotid tissue and liver.

Results of the dynamic (Amsterdam UMC, n = 3) and sequential
(Erasmus MC, n = 5) PET scans were used to determine time—activity
curves.

Navigation of Biopsy Samples

In 12 of 14 patients, multiple tissue biopsy samples were collected
using per-operative neuronavigation (24) from tumor areas with low
and high tracer uptake on PET to correlate with PSMA expression on
immunohistochemistry or as determined with targeted RNA sequencing.
Neuronavigation screenshots were used to visually match the corre-
sponding PET frame and volume of interest to the exact biopsy location.
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In UMCU, only material from the resected tumor was analyzed
according to standard clinical care, and no intraoperative biopsy sam-
ples were taken.

PSMA Immunohistochemistry

Tissues samples were either snap-frozen (n = 8 biopsy samples in
2 patients at Radboudumc) or formalin-fixed and paraffin-embedded
(n = 12 biopsy samples in 5 patients at Erasmus MC and n = 15
biopsy samples in 3 patients at Amsterdam UMC). Tissue sections
were immunostained with mouse anti-PSMA (M3620; Dako). The
complete biopsy samples were evaluated by an experienced neuropa-
thologist using a visual 5-point scale, which combined both intensity
and extent of the staining (0 = none, 1 = limited, 2 = moderate,
3 = high, and 4 = very high) for 3 tissue components that were found
to have the highest PSMA expression in all samples: tumor microvas-
culature (especially in luminal or endothelial cells, rather than ablum-
inal cells or pericytes), individual cells (of unknown nature) in the
periphery of the tumor, and neuropil (which showed granular-like stain-
ing). The identified individual cells were well organized and located in
the transition zone of tumor tissue and preexistent brain tissue. They
were therefore not deemed tumor cells, because these showed a disor-
ganized arrangement and no or hardly any PSMA expression. Because
of these low PSMA expression levels, tumor cells were not scored. For
each biopsy sample, a total immunohistochemistry score was calculated
from the sum of the 3 component scores.

Targeted RNA Sequencing

Tissue biopsy samples (» = 13 in 4 patients at Radboudumc) were
snap-frozen. Targeted RNA sequencing (25) was performed to detect
PSMA, angiogenesis-related vascular endothelial growth factor recep-
tors 1 and 2, angiopoietin 1, and angiopoietin 2.

Statistical Analyses

Statistical analysis was performed with SPSS version 24.0.0.1
(IBM Corp.) or with GraphPad Prism version 5.0 (GraphPad Software
Inc.). PSMA and angiopoietin 1, angiopoietin 2, and vascular endothe-
lial growth factor expression levels in the biopsy samples obtained
from immunohistochemistry or RNA expression were correlated with
SUV,..x obtained from 1-cm spheric volumes of interest on PET.
Pearson p-correlation and Spearman p-correlation were used for nor-
mally and nonnormally distributed variables, respectively. A P value
of less than 0.05 was considered a statistically significant difference.

RESULTS

Uptake of PSMA-Targeting Tracers in GBM

We included 14 patients with histopathologically confirmed
de novo GBM (n = 8) or recurrent GBM (n = 6) (median age,
64 y; interquartile ratio, 54—74y; n = 10 male, 71%; Supplemental
Table 2). Tumor uptake values are summarized in Table 1 (all seg-
mentation data are shown in Supplemental Table 3). Figure 1 shows
a representative image from each of the centers. Heterogeneous,
moderate to high uptake of all PSMA tracers was found in all
tumors. SUV,,., and tumor-to-background ratio (SUV y,, of tumor
divided by SUV,,, of background) values ranged from 1.3 to 20.0
and 7.5 to 359.0 for [*®®*Ga]Ga-PSMA-11, from 4.5 to 13.1 and 13.6
to 36.5 for ['®F]DCFPyl, and from 3.4 to 14.6 and 6.1 to 39.6 for
['8F]PSMA-1007, respectively. Uptake in contralateral nonaffected
brain was low (SUV .y, <0.1-1.6). Overall, the uptake distribu-
tion, as seen on PET, showed good visual overlap with the area of
gadolinium-based contrast agent enhancement on T1-weighted MRL
However, an inhomogeneous pattern of PET uptake was seen in the
areas enhanced by gadolinium-based contrast agents, which did not
exactly follow the contrast agent pattern in all cases (Fig. 1).
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TABLE 1
Tumor Uptake of Various PSMA-Targeting Tracers

No. Radioligand Time after injection (min) SUVmax SUVinean TBRmax/max
1 [®8Ga]Ga-PSMA-11 90 (WB) 15.3 4.4 32.6
165 20.0 45 66.7
240 17.0 4.0 38.6
2 [®8Ga]Ga-PSMA-11 90 (WB) 3.6 1.7 359.0
165 5.9 2.9 295.0
240 5.8 2.8 35.9
3 [®8Ga]Ga-PSMA-11 90 (WB) 7.4 25 185.3
165 9.8 2.6 98.4
240 10.0 2.8 26.3
4 [*8Ga]Ga-PSMA-11 90 (WB) 6.5 3.1 10.3
165 9.0 35 17.3
240 9.0 3.6 7.5
5 [*8Ga]Ga-PSMA-11 90 (WB) 7.3 1.9 66.6
165 7.7 2.3 29.5
240 9.0 2.6 64.6
6 ['®FIDCFPyI 80 45 2.1 21.9
NA (WB) NA NA NA
140 6.8 2.9 25.7
7 ['®F]DCFPyI 80 5.3 2.1 235
95 (WB) 45 2.3 13.6
140 7.4 2.7 24.4
8 ['®F]DCFPyI 80 10.3 4.6 34.8
95 (WB) 12.6 5.3 29.9
140 13.1 6.0 36.5
9 [(8Ga]Ga-PSMA-11 60 2.2 1.0 72.3
10 [68Ga]Ga-PSMA-11 60 1.3 0.6 10.3
11 ['®FIPSMA-1007 120 3.4 1.6 6.1
12 ['®F]PSMA-1007 120 8.1 3.4 10.1
13 ['®F]PSMA-1007 120 14.6 6.8 39.6
14 ['®F]PSMA-1007 120 12.4 4.7 7.8
TBRmax/max = SUVmax tumor divided by SUV,,.x background; WB = whole body; NA = not available.

Because normal tissue biodistribution patterns are similar for
[*®F]DCFPyl and [®3Ga]Ga-PSMA-11 (26), time-activity curves for
tracer uptake in the tumors of patients 1-8, covering 0240 min after
injection, are combined in Figure 2A. These time—activity curves dem-
onstrate that there is still an increase in ['*F]DCFPyl binding 120 min
after injection and gradual flattening of the curve but still slightly in-
creasing [**Ga]Ga-PSMA-11 binding approaching 240 min after injec-
tion. A representative perfusion image of the tumor in the first 2 min
after injection for ['®F]DCFPyl (Fig. 2B) demonstrates that tumor up-
take of ['*F]DCFPyl at late time points does not follow the perfusion
pattern; that is, tumor uptake primarily depends on factors other than
perfusion. Time—activity curves normalized for SUV ., of parotid
tissue and SUV .« of liver are shown in Supplemental Figure 1.

Uptake of PSMA-Targeting Tracers in Nontarget Organs
Uptake in the parotid glands increased gradually on each of the
successive scans within patients and showed high variability between
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patients, irrespective of the type of tracer (Supplemental Table 2; for
the SUV . range, [®Ga]Ga-PSMA-11, 10.4-34.7; ['8F]DCFPyl,
9.1-45.6; ['|F]PSMA-1007, 22.9-43.8). Uptake in the liver was
found with SUV . ranging from 7.7 to 12.9 for [**Ga]Ga-PSMA-11
and 6.6 to 6.7 for ['*F]DCFPyl (Supplemental Table 2).

Correlation of Tracer Uptake with PSMA Expression

Figures 3A-3D show representative images of PSMA immuno-
histochemistry of tumor biopsy samples demonstrating PSMA
expression on the 3 tissue components. PSMA expression on
microvasculature was mainly found within the boundaries of
tumor tissue, whereas PSMA-expressing individual cells were gen-
erally located in the transition zone of tumor tissue and preexistent
brain tissue. A negative correlation was found between tracer uptake
visible on the PET images and immunohistochemistry scores for the
individual cells (r = —0.372, P = 0.028), and no significant corre-
lation was found between PET uptake and immunohistochemistry
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FIGURE 1. Selected examples of PET (A, D, G, and J), MRI (B, E, H, and
K), hybrid PET/MRI (C), and fused PET/MRI (F, |, and L) of patients injected
with [®3Ga]Ga-PSMA-11 (patient 1 from Erasmus MC [A-C], SUV nax, 20.0,
and patient 10 from UMCU [G], SUVmax, 1.3), ['®FIDCFpyl (patient 8 from
Amsterdam UMC [D-F], SUV s, 13.1), and ['®FIPSMA-1007 (patient 14
from Radboudumc [J-L], SUVax, 12.4). Note heterogeneity of tracer
uptake within tumors.

scores for vasculature (» = 0.211, P = 0.225), neuropil (» = —0.077,
P = 0.660; Supplemental Fig. 2A), or total immunohistochemistry
scores (r = —0.173, P = 0.320; Fig. 3E). No correlations were
found when separated for tracer type (Supplemental Table 4).

No correlation was found between tracer uptake of [!*F]PSMA-
1007 on PET and PSMA RNA expression (» = —0.033, P = 0.915;
Fig. 3F). PSMA immunohistochemistry and PSMA RNA expression
analyses did correlate, confirming the validity of both techniques
(r = 0.773, P = 0.029; Supplemental Fig. 2B). No correlations
were found between tracer uptake on PET and RNA expression
ratio of angiopoietin 2 to angiopoietin 1 (r = —0.202, P = 0.509)
or vascular endothelial growth factor RNA expression (r = —0.425,
P = 0.148; Supplemental Fig. 2C).

DISCUSSION

Here, we found moderate to high uptake on PSMA PET with
heterogeneous distribution in tumor irrespective of tracer type in
both de novo and recurrent GBM. No correlation was found between
uptake on PSMA PET and PSMA expression, as determined with
immunohistochemistry or RNA sequencing.

The reported SUV .« and values for SUV ., of tumor divided
by SUV,.x of background are comparable to those reported in
previous literature (20,27-29) and show that variation between
tumors is larger than variation between tracers. PSMA immunobhis-
tochemistry showed strong staining of microvasculature in the
tumor tissue but not in nonaffected brain vasculature or cells, which
is in accordance with multiple studies (6,7,30,31). The strong granu-
lar PSMA staining in neuropil, which is built up from glial cells and
neurites or neuronal processes, remains to be unraveled. In addition,
the nature of PSMA-positive individual cells, especially in the transi-
tion zone of tumor tissue and preexistent brain tissue, awaits further
elucidation. On the basis of their morphologic and immunohisto-
chemical characteristics, these cells do not qualify as neoplastic cells
or macrophages. These cells possibly are peritumoral single cells
related to astrocytosis because of glial fibrillary acidic protein positiv-
ity, as found by others (6,8,32).

Few earlier studies have shown that PSMA expression corre-
lates with tracer uptake in high-grade glioma (27) and other tumor
types (33). One found a nonsignificant trend (P > 0.1) in prostate
cancer (34). We and others (35) did not
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find a correlation between PSMA expres-
sion and tracer uptake. Studies correlating
expression levels of other targets, such as
L-type amino acid transporters (36,37) and
somatostatin receptor (38,39) with tracer
uptake of O-(2-['®F]ftuoroethyl)-L-tyrosine
and [%®Ga]Ga-DOTA peptides, respectively,
in various types of glioma also found no
correlation. This is not surprising given the
complex and largely still unknown interplay
of in vivo tracer kinetics, (heterogeneous)
blood-brain barrier disruption, efflux rates,
target localization, tracer—target complex ki-
netics, and downstream function or actions
of the target. In addition, methodologic
issues, such as the use of different tracers,
protocols, or scanners and sample size, may

¥

o

FIGURE 2. (A) Time-activity curves showing tumor uptake of ['®F]DCFpyl (orange) and [*®Ga]Ga-
PSMA (blue) in MBg/mL from 0 to 240 min after injection for patients 1-8 (each marker icon repre-
sents one patient). Representative images of early (B, blue contour) and late (C, red contour)

perfusion in first 2 min after injection of ['F]DCFpy! in patient 6.
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have contributed to not finding a correlation
in this study. Future studies to advance
knowledge with regard to tracer-specific
uptake versus retention could encompass
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this is the organ at risk for radionuclide
therapy. Uptake in liver was comparable
between patients, as previously reported
(26), indicating that the liver is the most
favorable organ to use as reference tissue
for normalization of tracer uptake in tumor,
although this does require whole-body scan-
ning and thus more time.

This study has some limitations. The data
originated from different centers that used
different tracers, varying PET acquisition
protocols, and reconstruction methods. We
limited the influence of decay by choosing
time points within the closest range from
each of the centers for the SUV measure-
ments at the biopsy locations (i.e., 120, 145,
and 160 min after injection), and we chose
those time points for which the time—activ-
ity curves showed a near-plateau phase of
tracer uptake. Second, it is well known that
the PET reconstruction method can influ-
. ence the outcome of SUV measurements
(40,41), and these differed across centers.
Therefore, we also performed correlational
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RNA expression
FOLH1 (FPM)
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FIGURE 3. Representative images of PSMA immunohistochemistry in formalin-fixed and paraffin-
embedded biopsy samples. (A) Positive, dispersed individual cells of unknown origin in periphery of
tumor and positive vasculature in tumor cell-dense region. (B) Positive vasculature in tumor cell-
dense region. (C) Positive, dispersed individual cells and granular staining in neuropil. (D) Positive
individual cells and strong granular staining in neuropil. To exemplify method used for scoring IHC
findings, following scores would have been given for these snapshot figures for microvasculature,
individual cells, and granular staining in neuropil (sum score), respectively: 2, 3, and 1 (sum, 6) (A); 4,
0, and 0 (sum, 4) (B); 0, 3, and 3 (sum, 6) (C); and 0, 4, and 4 (sum, 8) (D). (E) Correlation between total
IHC score and tracer uptake. (F) Correlation between normalized RNA expression of FOLH1 (PSMA-
encoding gene) and tracer uptake. Tracer uptake is expressed in SUV .« and measured on PET in
1-cm spheric volumes of interest in region on scan where biopsies were performed. IHC = immuno-

ing were uniformly performed to prevent
additional variabilities because of data
processing differences among the centers.
Moreover, we think that the heterogeneity
of the data represents the real-life clinical
setting and gives important information on
the comparability of the PSMA-targeting
tracers for GBM imaging.

CONCLUSION

The observation in this study that various

histochemistry; FOLH1 = folate hydrolase 1; FPM = fragments per million.

spatial transcriptomics or proteomics to study tracer heterogeneity
within tumor or the tumor microenvironment at a cellular level. PET
studies using radionuclides with long half-lives, such as 3°Zr, would
enable in vivo quantitative uptake kinetics up to late time points. Ani-
mal models of GBM could be used to dynamically assess PSMA
tracer uptake (by in vitro immunofluorescence) and combine this
with ex vivo autoradiography, such as performed by Lindemann et al.
(30). Competition experiments, such as with the PSMA inhibitor 2-
phosphonomethyl pentanedioic acid, can be used to assess specific
PSMA receptor binding on tumor neovasculature or cells (32).

In the clinical setting, for most studies on PSMA imaging in
patients with GBM, PET scans have been acquired 60 min after
injection of [*®Ga]Ga-PSMA-11 (18,20,27,28). Our composed
time—activity curve implies that tumor-to-background ratios likely
increase up to 240min after injection for [*®Ga]Ga-PSMA-11.
However, semiquantitative measures cannot be compared between
scans acquired at different time points after injection of different
tracers, because equilibrium kinetics vary and have not yet been
reached within 240 min after injection.

In nonaffected brain tissue, we observed very low uptake of
tracer, leading to high tumor-to-background ratios. In parotid tissue,
expected high uptake of all PSMA tracers was observed, indicating

1530

PSMA-targeting tracers show moderate to

high uptake in GBM is hopeful and war-
rants further research into the exact mechanisms of PSMA accumu-
lation or retention. Studies are needed to determine the actual
potential of PSMA-targeted radionuclide therapy as an option for
patients with GBM.
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KEY POINTS

QUESTION: What is the correlation between tumor uptake of
PSMA-targeting tracers and PSMA expression in image-guided
tumor biopsies in patients with de novo or recurrent GBM?

PERTINENT FINDINGS: In a multicenter inventory study in

14 GBM patients using [*®Ga]Ga-PSMA-11 (n = 7), ['®FIDCFPyI
(n = 3), or ['®FIPSMA-1007 (n = 4) PET imaging, heterogeneous
and significant uptake in tumor was found. PSMA expression was
found on endothelial cells of tumor microvasculature, dispersed
individual cells (of unknown origin), and granular staining of the
neuropil, but no significant correlation was found between in vivo
tracer uptake and PSMA expression levels.

IMPLICATIONS FOR PATIENT CARE: Various PSMA-targeting
tracers show uptake in GBM, and further research into the exact
mechanisms of PSMA accumulation or retention is warranted.
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