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Abstract

Purpose: (45)-4-(3-['®F]Fluoropropyl)-L-glutamic acid (['®FIFSPG) measures system xc transporter activity and shows
promise for oncologic imaging. We present data on tumor uptake of this radiopharmaceutical in human subjects
with head and neck cancer (HNC), colorectal cancer (CRC), and non-Hodgkin lymphoma (NHL).

Methods: A total of 15 subjects with HNC (n = 5), CRC (n = 5), or NHL (n = 5) were recruited (mean age 66.2 years,

range 44-87 years). 3014 + 28.1 MBq (8.1 = 0.8 mCi) of ['®FIFSPG was given intravenously to each subject, and 3 PET/CT
scans were obtained 0-2 h post-injection. All subjects also had a positive ['°FIFDG PET/CT scan within 1 month prior to
the ["®FIFSPG PET scan. Semi-quantitative and visual comparisons of the ['®FIFSPG and ['®FIFDG scans were performed.

Results: ['°FIFSPG showed strong uptake in all but one HNC subject. The lack of surrounding brain uptake facilitated
tumor delineation in the HNC patients. ['®FIFSPG also showed tumor uptake in all CRC subjects, but variable uptake in
the NHL subjects. While the absolute ['®FIFDG SUV values were comparable or higher than ['®FIFSPG, the tumor-to-
background SUV ratios were greater with ['®FJFSPG than ['®FIFDG.

Conclusions: ['°FIFSPG PET/CT showed promising results across 15 subjects with 3 different cancer types. Concordant
visualization was mostly observed between ['®FIFSPG and ['®FIFDG PET/CT images, with some inter- and intra-
individual uptake variability potentially reflecting differences in tumor biology. The tumor-to-background ratios were
greater with ['®FIFSPG than ['®FIFDG in the cancer types evaluated. Future studies based on larger numbers of subjects
and those with a wider array of primary and recurrent or metastatic tumors are planned to further evaluate the utility
of this novel tracer.
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Introduction
Tumor cells require an adequate supply of nutrients to
meet anabolic and energetic needs while maintaining ap-
propriate redox balance for growth, proliferation, and
survival. Recent research revealed several interesting in-
sights into tumor metabolism, including how tumor cells
adopt metabolic pathways to cope with such demands in
challenging environments [1, 2]. Whereas the upregula-
tion of the glycolytic pathways has long been described
and ["®F]FDG PET is widely used in clinical routine for
tumor imaging, other dominant metabolic pathways in
tumors such as the glutaminolytic pathway or glutathi-
one biosynthesis/redox-balancing pathway are now being
explored in more detail. The glutaminolytic pathway
provides both energy and building blocks for tumor
growth [3] and can be investigated by PET probes tar-
geting the alanine serine cysteine-preferring transporter
2 (ASCT2 or SLC1A5) [4]. The glutathione biosynthesis/
redox-balancing pathway can be investigated by target-
ing the system xc~ transporter [5]. This antiporter con-
sist of two subunits, SLC7A11 (also known as xCT
subunit), which is the catalytic subunit that mediates
transport function, and SLC3A2 (also known as 4F2hc
or CD98hc subunit), which functions as a chaperone
and recruits the SLC7A11 subunit to the plasma mem-
brane. Extracellular cystine gets imported in exchange
for efflux of intracellular glutamate. Cystine is then re-
duced intracellularly to two molecules of cysteine. The
sulfur-containing cysteine molecules can be incorporated
into proteins or used in the biosynthesis of the antioxi-
dant agent glutathione. Improved access to glutathione
provides advantages for tumor cell survival by allowing
better detoxification of chemotherapeutics and reactive
oxygen species while inhibition of system xc~ has been
shown to induce tumor-selective ferroptosis and sup-
presses tumor growth in various tumor models [6, 7].
["®F]JFDG remains the primary radiotracer used clinic-
ally in the evaluation of various cancers [8—10]. How-
ever, ['®F]FDG also has its known limitations. Prominent
background uptake in the brain, kidneys, and often the
gastrointestinal tract can reduce the sensitivity of
["*F]FDG in those regions. Another challenge is the
prominent ['*F]JFDG uptake seen in benign, inflamma-
tory lesions such as infections, granulomatous processes,
and sarcoidosis [11-13]. This can reduce the specificity
of ['®F]FDG for malignancy and make the interpretation
of certain scans difficult, demanding the development of
other tumor imaging probes. ['*FIFDG PET uptake
shows correlation with many parameters such as tumor
aggressiveness, proliferative activity, and prognosis [14,
15] but does not necessarily inform about other tumor
characteristics. These limitations stimulated the develop-
ment of new PET tracers to study other important as-
pects of tumor metabolism.
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For example, (45')-4—(3—[18F]ﬂuoropropyl)—L—glutamate
(previously BAY 94-9392 and herein referred to as
["®F]FSPG) is an investigational '°F-labeled glutamate
derivative for PET imaging of system xc~ transporter ac-
tivity. Specific transport of [**F]FSPG via the xc~ trans-
porter was demonstrated in cell competition assays and
xCT knock-down cells, and excellent tumor visualization
was achieved in animal tumor models [16]. Biodistribu-
tion analysis in rodents showed rapid blood clearance
via the kidneys and low background activity from
healthy tissue, providing high contrast for tumor im-
aging. In cancer models, ['*F]FSPG demonstrated the
ability to identify drug-resistance by detecting upregu-
lated antioxidant pathways and provides an early redox
indicator of tumor response to treatment, preceding
other markers such as tumor shrinkage and decreased
glucose utilization [17, 18]. [*®F]FSPG did not accumu-
late in the inflammatory model tested in animals [16], al-
though subsequent clinical studies reported uptake in
sarcoidosis [19]. Pilot clinical studies examining dosim-
etry and biodistribution in healthy volunteers [20, 21]
and tumor detection in patients with non-small cell lung
cancer, hepatocellular carcinoma, and brain tumors
showed promising results and confirmed preclinical data
[22-25]. In particular, low background uptake in the
brain, lung, and bowel was observed. Other PET agents
targeting the system xc~ transporter, ["*FhGTS13 and
[*®F]FASu, have also been recently described in preclin-
ical models [26-28].

Preclinical research has recently shown that increased
system X~ activity enhances cancer cell dependency on
glucose and a previously unappreciated role of system
Xc was uncovered [29, 30]. This demonstrates that both
the glycolytic and the glutathione pathways are con-
nected. Limiting glucose supply with inhibitors of glu-
cose transporters can selectively kill cancer cells with
high levels of system xc~ or suppress tumor growth.
This may further assist with future therapeutic strategies
to target the metabolic vulnerability in tumors with high
system Xc  expression.

The work presented here is the initial evaluation of
[*®F]FSPG in patients with head and neck cancer (HNC),
colorectal cancer (CRC), or non-Hodgkin lymphoma
(NHL). The selection of these malignancies was based
upon the tracer’s favorable performance in preclinical
studies. For example, strong tumor uptake was demon-
strated in subcutaneous human NCI-HT29 colon tumor
models [16]. Moreover, xCT-targeted therapy has shown
potential use for arresting tumor growth and/or sensitiz-
ing these cancer cells, reemphasizing the transporter’s
role in disease pathogenesis [31-34]. The physiologic
biodistribution of [*®F]FDG was also considered for this
selection of malignancies, as high ["*F]JFDG accumula-
tion in the brain and bowel inevitably limits the contrast
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for tumor imaging in these regions. Due to the pilot na-
ture of this investigation with ['*F]ESPG, imaging with
["®F]FDG was an inclusion criterion and was used for
general comparison.

The purpose of this study was twofold: (1) to provide
preliminary data regarding the pattern of [**F]JFSPG PET
uptake in patients with HNC, CRC, or NHL and (2) to
compare these profiles with [**F]JFDG PET, thus explor-
ing possible clinical applications for this radiotracer in
these disease entities.

Methods

The protocol for this study was reviewed and approved
by the U.S. Food and Drug Administration (eIND
108509), the Institutional Review Board at Stanford Uni-
versity, and the Scientific Review Committee at the Stan-
ford Cancer Institute. Fifteen subjects with histologically
confirmed, newly diagnosed, or recurrent head and neck
cancer (HNC, n = 5), colorectal cancer (CRC, n = 5), or
non-Hodgkin lymphoma (NHL, n = 5) were recruited
(ClinicalTrials.gov Identifier: NCT01186601). Detailed
inclusion and exclusion criteria are listed in the
Supplementary data section. To be eligible, each subject
was required to have a positive whole-body [**F]JFDG
scan beforehand. The average time between the
["*®F]FDG scan and the ["®F]FSPG scan was 10 + 6 days.
["®F]FDG PET/CT studies were done as a standard-of-
care clinical scan, approximately 60 (+ 15) min after a
standard radioactive dose of 555 MBq + 20% (15 mCi + 20%)
was administered. A low-dose, non-contrast CT was per-
formed for attenuation correction and anatomic localization
for all scans [35, 36].

Prior to the [*®F]JFSPG PET/CT scan, a brief physical
exam was performed, and vital signs, blood, and urine
samples were collected. ["*F]FSPG was administered as a
slow intravenous bolus injection over 60s. The mean +
standard deviation of the radioactive dose given was
3014 + 28.1MBq (8.1 + 0.8mCi), with a range of
270.1-336.7 MBq (7.3-9.1 mCi). After each respective
tracer injection, the cannula and injection system were
flushed with 10 mL normal saline (0.9% NaCl).

Three ["*F]JFSPG PET/CTs were then acquired sequen-
tially to capture different time points after tracer injection
for evaluation of temporal change in biodistribution. The
images were obtained using a GE Discovery PET/CT scan-
ner (either model D600 or D690). The first image acquisi-
tion, with a total duration of 45min, was performed
immediately after the injection of tracer. It was performed
as five sequential whole-body (vertex to mid-thigh) PET
scans after obtaining one CT (140 kV, range 10-85 mAs)
for attenuation correction and anatomic localization. Each
of the 5 PET scans gradually increased in the number of
minutes per bed position as follows: 30 s/bed, 30 s/bed, 1
min/bed, 2 min/bed, and 2 min/bed. The second and third
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whole-body PET/CT scans, each with a duration of ap-
proximately 30 min (3 min/bed position), were started at
60 and 105 min post-tracer injection, respectively. The pa-
tients were asked to void before the second and third scan
session to reduce their radiation exposure and to improve
visualization of the pelvic structures.

After the scans were completed, and again the next
day, additional sets of ECG, vital signs, and blood and
urine samples were obtained. Any adverse events either
noted by the participant or the research team were re-
corded. Seven days later, the patient was contacted by
phone to determine if there were any interim adverse
events or medication changes.

[*®F]FSPG and [*®F]FDG PET images were analyzed as
described previously [23].

Statistical analysis

The Mann—Whitney U test was applied to compare
["*FIFDG and ["®*F]FSPG SUV tumor values and SUV
tumor-to-background ratios at 60 min across different
tumor indications. P values < 0.05 were considered as
statistically significant.

Results

Twelve men and three women, with an average age of
66 years (range 45-87), were recruited. All five subjects
with HNC had squamous cell carcinoma (SCC), and all
CRCs were adenocarcinomas. The subjects with NHL
had a variety of subtypes including diffuse large B cell (n
= 1), follicular (# = 1), cutaneous T cell (# = 1), and
mantle cell (n = 2). The full patient demographics are
given in Table 1. Whole-body maximum intensity pro-
jection (MIP) images are shown in Fig. 1 of a representa-
tive participant with HNC, CRC, or NHL.

No adverse events were observed, either in terms of
self-described symptoms or clinically relevant deviations
in their vital signs or laboratory values. As observed be-
fore in prior studies [21], visual analysis of the PET im-
ages showed consistent physiologic biodistribution of
['8F]FSPG across the subjects, with prominent diffuse
activity throughout the pancreas (average SUV at 60 min
was 7.2 + 1.5). There was additional low-grade and vari-
able activity in the oral cavity and oropharynx, salivary
glands, thyroid gland, mediastinal blood pool, and liver.
Some subjects also showed mild diffuse activity in the
stomach. The tracer showed predominant clearance
through the kidneys and excretion into the bladder. Be-
yond this, there was very low background activity in the
brain, chest, abdomen, and pelvis. Time-activity-curve
analysis for all seven time points per subject showed
rapid clearance of the radiotracer from the blood pool
(Supplementary Figure 1). More specific results sepa-
rated by cancer type are presented next.
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Table 1 Demographic information for the 15 human

participants imaged with ['®FIFSPG PET

Patient Gender Age Pathology

Prior treatment (months
before)

1 Male 44  HNC, SCG nasal None
cavity
2 Male 73 HNC, SCC; recurrent  Chemoradiation,
(oropharynx-oral laryngectomy (156)
cavity)
3 Male 71 HNC, SCG; left Chemoradiation (3.5)
maxillary sinus
4 Male 74 HNC, SCG; larynx None
5 Male 72 HNC, SCC; None
nasopharynx
6 Male 62 CRC, Hemicolectomy (36),
adenocarcinoma chemotherapy (6)
7 Male 64  CRC, Hemicolectomy (16),
adenocarcinoma chemotherapy (9)
8 Male 69 CRC, Chemoradiation (6)
adenocarcinoma
9 Female 50 CRC, Chemotherapy
adenocarcinoma neoadjuvant and
rectosigmoid resection
(26), chemotherapy (17)
10 Male 69 CRC, None
adenocarcinoma
1M Male 72 NHL, DLBCL Chemoradiation (10),
chemotherapy (0.5)
12 Female 78  NHL, mantle cell None
13 Male 65  NHL, mantle cell Chemotherapy (5)
14 Male 87  NHL, follicular None
15 Female 43  NHL, cutaneous T-  None

cell

Head and neck cancer
Of the five subjects with head and neck squamous cell
cancer, four were newly diagnosed, and one had recur-
rent disease. Each had disease involvement of different
regions including the nasal cavity, left tongue base, left
maxillary sinus, and larynx (patients 1-5, Table 1). Fig-
ure 2 shows a combination image of two of these sub-
jects highlighting the primary tumor as seen on MRI,
CT, ["*FIFDG PET, and ['*F]FSPG PET. In these two ex-
amples, the tumor is evident on all modalities. In com-
parison to the ['®FIFDG PET scan, the lack of any
background brain activity in the [**F]JFSPG scans is of
particular note. Figure 3 shows examples of regional
nodal metastases and distant lung metastases as seen on
CT, ['"*FIFDG PET, and ['°*F]FSPG PET.
Time-activity-curve analysis for ['**F]FSPG was per-
formed for all 7 scans per subject (except subject 1 who
had only three scans). The mean activity in both the pri-
mary and metastatic tumor lesions remained relatively
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constant throughout the duration of imaging (Supple-
mentary Figure 2A). The activity in the primary tumor is
higher than blood pool activity from 15min post-
injection (p.i.) onwards, and the activity in the metasta-
ses is higher than blood pool activity at 40 min p.i. on-
wards. Supplementary Figure 2A also highlights again
the very low background brain activity throughout the
duration of imaging. At 60 min p.i., the mean lesion
SUV for [®F]FSPG was significantly lower than
[**F]FDG for both the primary (2.8 + 2.1 versus 4.9 +
2.2) and metastatic (1.3 + 0.7 versus 3.0 + 1.4) lesions
(Table 2), whereas the tumor-to-background values
using various reference organs including the brain,
mediastinal blood pool, gluteal muscle, and liver
tended to be higher for [18F]FSPG compared to
["*FIFDG.

Colorectal cancer
All five subjects had recurrent metastatic adenocarcinoma
(patients 6-10, Table 1). Sites of metastases include the
lungs, liver, and regional lymph nodes. Figure 4 shows a
combination image of three of these subjects highlighting
the primary tumor and metastases as seen on CT,
[*®*F]FDG PET, and ['®F]FSPG PET. In these examples,
the tumor is evident on all modalities, although one of the
liver lesions was not well evaluated due to lack of intra-
venous contrast on CT. However, both the [**F]FDG and
[*®F]FSPG PET scans showed the lesions well.
Time-activity-curve analysis for [*®F]FSPG was done
for all 7 scans per subject. The mean activity in the pri-
mary tumor continues to rise to a peak at 60 min p.i.
and is above the mediastinal blood pool activity from 10
min p.. onwards. The metastatic lesions demonstrate
stable increased uptake throughout the duration of im-
aging and remain above blood pool activity from 15 min
pi. onwards (Supplementary Figure 2B). The back-
ground liver SUV .., also demonstrates rapid washout.
Liver background activity is below the primary lesion at
10 min p.i., below the metastatic lesions from the initial
time point onwards, and above the aortic blood pool ac-
tivity at 40 min p.i. At 60 min p.i,, the mean lesion SUV
for ["®F]FSPG was lower than [**F]FDG for both the pri-
mary tumor (5.4 + 1.3 versus 6.9 = 0.8) and metastases
(2.5 + 2.4 versus 3.5 * 3.5) (Table 2). However, the
tumor-to-background ratios for [**F]FSPG were signifi-
cantly higher than ['"®*F]JFDG values with gluteal muscle
as background.

Non-Hodgkin lymphoma

Different subtypes of NHL were represented in this co-
hort including one with diffuse large B cell, one with fol-
licular, one with cutaneous T cell, and two with mantle
cell lymphoma. Some had localized (stage I) disease
while several others had diffuse (stage IV) disease,
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Fig. 1 Whole-body maximum intensity projection (MIP) images are shown of a representative participant with HNC, CRC, or NHL. The ["®FIFDG
PET images (front and side views) are shown on the left, and the ["®FIFSPG PET images (front and side views) are shown on the right. Red arrows
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including bone marrow involvement. None had pulmon-
ary or splenic involvement. Across all the subjects, sites
of nodal involvement include cervical, axillary, medias-
tinal, retroperitoneal, mesenteric, pelvic, and inguinal
stations. Figure 5 shows a combination image of four of
these subjects highlighting some of these lesions as seen
on CT, ["*F]FDG PET, and ['®F]FSPG PET. In these ex-
amples, the tumor is evident on most modalities, but
with some variability. In particular, depending on the
subtype of NHL, the nodal lesions, which are all evident
on the ['®F]FDG scans, demonstrate very little to very
high uptake with ['*F]FSPG.

The nodal lesions show stable increased uptake
throughout the duration of imaging and uptake is above
blood pool activity from 30 min p.i. onwards (Supplemen-
tary Figure 2C). At 60 min p.i, the mean lesion SUV for
[®F]FSPG was comparable to [*®F]FDG (1.9 + 3.1 versus
1.9 + 1.6), but with greater variability (Table 2), and the
tumor-to-background values using gluteal muscle were
significantly higher for ['*F]FSPG than for ['*F]FDG.

Per-lesion analysis

A direct comparison of [**F]FSPG and ['*F]FDG lesion
uptake for each tumor indication at 60 min p.i. is given
in Fig. 6a with further detailed sub-analysis for each in-
dividual primary tumor and metastatic lesion. In general,
those lesions that showed high uptake with one tracer
also showed high uptake with the other tracer with some
exceptions. ['®F]FSPG showed lower uptake than
["®F]FDG in the majority of head and neck and colorec-
tal cancer cases, whereas the two tracers showed com-
parable uptake in most non-Hodgkin lymphoma lesions.
Figure 6b shows the corresponding tumor-to-muscle ra-
tios. Higher tumor-to-background ratios for [**F]JFSPG
support the notion of at least comparable lesion detec-
tion in these three indications despite the lower absolute
uptake in HNC and CRC lesions.

Discussion
A consistent physiologic biodistribution pattern for
["®F]JFSPG was found in patients with HNC, CRC, or
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Fig. 2 Combined image set shows two representative subjects with primary head and neck cancer (HNC). Shown from left to right are the axial
T1-weighted MRI, CT, ['®FIFDG PET, and ['®FIFSPG PET images. The first subject (row a) has a large nasal mass while the second subject (row b) has a
mass in the clivus/nasopharynx. The black arrows indicate the lesions. Any unmarked uptake on the PET scans is physiologic. All modalities show the
lesions, although MRI and PET are clearer than CT. The relative uptake of ["®FIFSPG and ['®FIFDG within all 5 HNC subjects is similar (SUV of 2.76 + 2.13
for ['"®FIFSPG and 4.92 + 2.16 for ['®FIFDG), although the complete lack of ['*FIFSPG background uptake in normal brain (SUV of 0.1) versus ['*FIFDG
(SUV of 7.88 + 1.45) makes evaluation of the ['®FIFSPG images much easier and more suitable, for example, in radiation treatment planning

NHL. The subjects with HNC all showed uptake in
tumor lesions with both ["*FJFSPG and ['*F]FDG PET,
although there were some key differences between these
scans. Most notably, the lack of any [**F]FSPG back-
ground uptake in the normal brain allows for easier in-
terpretation of ["®F]FSPG PET scans, especially for skull

base lesions close to the brain (Fig. 2). This includes one
subject with a large nasal mass and another with a naso-
pharyngeal mass extending to the clivus. Evaluation of
regional nodal and distant pulmonary metastases was
visually indistinguishable between the two radiopharma-
ceuticals, although several of these lesions were quite

pulmonary nodule (SUV of 2 and 1.5, respectively)

Fig. 3 Combined image set shows two representative subjects with metastatic head and neck cancer (HNC). Shown from left to right are the
axial CT (upper is soft-tissue window, lower is lung window), ["8FIFDG PET, and ["®FJFSPG PET images. The first subject (row a) has a right level 2
cervical lymph node, while the second subject (row b) has multiple pulmonary nodules of which a right apical nodule is shown. The black arrows
indicate the lesions. Any unmarked uptake on the PET scans is physiologic. Of note, both the cervical node and the pulmonary nodule are
subcentimeter in size (9 mm for the cervical node (a) and 7 mm for the right upper lobe pulmonary nodule (b)). The lesions are seen on all
modalities, and both the [*®FIFDG and ['®FIFSPG PET images have uptake in both the cervical node (SUV of 8.7 and 2.6, respectively) and the

[*®F]FDG [*8F]FSPG
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Table 2 Average SUV,ean Values obtained at 60 min post-injection of ['®FIFSPG and ['®FIFDG for each of the cancer types

Head and neck cancer

Colorectal cancer

Non-Hodgkin lymphoma

SUV 60 min pi. (g/ml)  ['®FIFSPG  ['®FIFDG  Ratio ['®FIFSPG  ['®FIFDG  Ratio ['®FIFSPG  ['®FIFDG  Ratio
SUVespa/SUVkpa SUVespa/SUVkpg SUVespa/SUVepa
(mean £ SD) (mean £ SD) (mean = SD)

Primary 28+21 49+22 057 54+13 69408 078 19431 19416 100
Metastases 13+07 30+14 043 25+24  35+35 071 - -

Aorta 08+03 16+03 050 09+04 19+05 047 10+03 17+03 059
Pancreas JA+14 17402 435 70+14 17404 412 71417 19 £03 374
Heart 07+01 24+13 029 08+04 39+15 021 09+01 20 +05 045
Kidney whole 98+13 32+06 306 161+73 47+26 343 M4+27 44 £14 259
Kidney cortex 82+06 26+01 315 113+37 28+10 404 106+28 27+04 393
Brain 0100 79+14 001 0124004 78+20 001 01+00 82%36 001
Muscle 02+004 07+01 029 02+01 06%01 033 03+01 08=01 038
Lung 02+004 04+01 050 03+01  05+02 060 03401 05+02 060
Liver 12403 23+02 052 15404  23+03 065 15401 26+03 058
Tumor: brain 276 06 46.00 453 09 5033 189 02 94.50
Tumor: aorta 33 30 1.10 57 37 1.54 19 1.1 173
Tumor: muscle 126 7.2 175 209 112 187 6.7 25 268
Tumor: liver 23 22 105 37 30 123 13 08 163
Tumor: pancreas 04 29 0.14 0.8 1.7 047 03 1 0.30
Tumor: kidney 03 15 0.20 34 15 227 02 04 0.50

The tumor-to-background ratios are also shown and were taken with respect to six different relevant backgrounds: brain, aorta (blood pool), muscle (left gluteal

muscle), liver, pancreas, and kidney

small (subcentimeter in size). SUV analysis showed that
the primary tumors had a higher SUV value on the
["®F]JFSPG PET scan (by approximately 1.0 SUV more)
in comparison to the metastases. The absolute
[*®F]FSPG SUV values for these lesions were also lower
than for the comparative ["*F]JFDG PET scan, although
the tumor-to-background ratios were higher. The only
exception was a patient with recurrent SCC of the left
tongue base. In that particular case, the ['*F]JFDG PET
scan had a notably higher uptake than the [**F]FSPG
PET scan. Subsequent biopsy confirmed SCC recur-
rence. Incidentally, this subject was given antibiotic ther-
apy for a presumed oral infection for 1 week between his
['®F]FDG and ['®F]JFSPG PET scans. As such, the
["*F]JFDG PET signal presumably reflects both the tumor
and the associated infection and may also have been
lower if done after the antibiotic therapy. [**F]JFSPG up-
take has been associated with an active inflammatory
disease state by measuring xCT activity in activated M1
macrophages [19], but its role in inflammatory or infec-
tious lesions remains to be explored in more detail.
Epstein-Barr virus (EBV) status was available for three
patients. EBV-positive lesions showed lower SUV values
on both scans in comparison to those that were EBV-
negative. ['**FJFDG PET functional parameters have pre-
viously been shown to be significantly associated with

plasma EBV DNA load [37], and the roles of both have
been demonstrated for prognostication in HNC [38]. As
a core biomarker in the setting of tumorigenesis, the
possibility of [8F]FSPG also correlating with EBV would
be noteworthy.

All subjects with CRC showed uptake on both
[*®*F]FSPG and [*®F]FDG PET scans. In these subjects,
all of whom had recurrent, metastatic adenocarcinoma,
both radiopharmaceuticals visually performed quite
similarly with no major discrepancies noted in terms of
lesion detection. SUV analysis shows a very similar pat-
tern to the HNC cases where the absolute SUV values
for the primary and metastatic lesions were lower for the
["®F]FSPG PET scan than in comparison to the
["FIFDG PET scan, but with higher tumor-to-
background levels. Overall, these findings indicate that
both radiopharmaceuticals were similarly effective for de-
tecting CRC in this small patient cohort. K-ras mutation
status was also available for three patients with thoracic
metastases. Mutated k-ras has been shown to increase
["*®*F]FDG uptake, possibly by upregulation of GLUT1 [39,
40]. The pulmonary nodule positive for k-ras mutation
showed higher uptake with ["*F]JFDG than the wildtype
(3.5 versus 1.9), whereas the [**F]FSPG SUV values were
comparable (1.2 versus 1.0), which may allude to the dif-
ferent pathways targeted by the two tracers.
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Fig. 4 Combined image set shows three representative subjects with metastatic colorectal cancer (CRC). Displayed from left to right are the axial CT
(upper two rows are soft-tissue window, lowest row is lung window), ['®FIFDG PET, and ['®FIFSPG PET images. The first subject (row a) has a rectal
mass and an adjacent small perirectal lymph node, the second subject (row b) has a liver metastasis, and the third subject (row ¢) has pulmonary
metastases on the left and an ipsilateral mediastinal lymph node metastasis. The black arrows indicate the lesions. Any unmarked uptake on the PET
scans is physiologic. The lesions are seen on all modalities, and both the ['®FIFDG and ['®FIFSPG PET images have similar uptake across all lesions (SUV
rectal mass (@) 15.8 and 12, liver lesion (b) 174 and 16.1, and pulmonary metastasis (c) 7.4 and 8.3, for ["®FIFDG and ['®FIFSPG, respectively)

[18F]FSPG
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The subjects with NHL showed the greatest amount of
variability between the [*F]JFSPG and ['*F][FDG PET
scans. In fact, not all the subjects with NHL showed sig-
nificant uptake above background with [*®F]FSPG PET.
One subject with diffuse large B cell lymphoma and an-
other with follicular lymphoma both had uptake levels es-
sentially equivalent to the liver background. Both of these
subjects showed mild-to-moderate uptake with [**F]FDG.
Another subject with cutaneous T cell lymphoma showed
very similar mildly increased uptake in comparison to
['**F]FDG. The most interesting subtype of NHL was
mantle cell lymphoma, of which there were two subjects.
The first showed the lowest SUV values of all 5 subjects
with NHL, while the other showed the highest. In fact, the
latter subject’s [*®F]FSPG SUV values were nearly double
that of the comparative [*®F]FDG scan although both
scans were visually intensely active. As a marker of the
proliferative index, the Ki-67 staining for the first subject
with mantle cell lymphoma was 6% while for the second
subject was 20%. The SUV of [**F]FDG rises with in-
creased proliferative activity and biological aggressiveness
of the tumor tissue. SUV was shown to have a statistically
significant positive correlation with the proliferative index
Ki-67 across a variety of subtypes of non-Hodgkin’s
lymphoma [41]. This may explain some of the discrepancy
between their [**F]FSPG and [*F]FDG scans. Moreover,
the lesions from the indolent follicular and cutaneous T
cell lymphomas had lower ['*F]JFSPG SUV and uptake

ratios than the more aggressive types (mean SUV of 3.4
versus 5.4; mean uptake ratio of 1.7 versus 3.0). Counter-
intuitive to the consensus in the literature which supports
lower ["*F]JFDG uptake in indolent lymphomas as well
[42], the corresponding [**F]FDG values were comparable
between the two groups (mean SUV of 5.2 versus 5.0;
mean uptake ratio of 1.9 versus 1.9).

As in other ["®F]FSPG PET studies, the scalp showed
incidental prominent physiologic uptake, possibly corre-
sponding to the xc~ transporter’s role in hair pigmenta-
tion [43]. Intense diffuse activity was also noted
throughout the pancreas on ['*F]JFSPG PET, which
would limit evaluation of primary pancreatic cancers.
However, ['®F]FSPG PET has been recently studied in
patients with metastasized pancreatic ductal adenocar-
cinoma with promising results [44]. Due to prominent
radioactive clearance through the kidneys and urinary
bladder, evaluation of these regions is additionally diffi-
cult, although concomitant diuretic administration was
not utilized.

The results of this pilot study are encouraging but
have limitations. Foremost is the small sample size for
each of the cancer indications associated with the pre-
liminary nature of this project. However, the goal was
not to definitively characterize the behavior of [**F]JFSPG
for each of these cancer indications, but rather to under-
stand whether there is any uptake or role at all for this
radiopharmaceutical in each cancer type. Indeed, the
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Fig. 5 Combined image set shows four representative subjects with non-Hodgkin lymphoma (NHL). Displayed from left to right are the axial CT (soft-
tissue window shown at various cranio-caudal levels), ['®FIFDG PET, and ['®FIFSPG PET images. The first subject (row a) with diffuse large B cell
lymphoma has a large soft-tissue mass in the right hip invading the bone, the second subject (row b) with follicular lymphoma has a large mesenteric
lymph node on the left, the third subject (row ¢) with mantle cell lymphoma has small bilateral axillary lymph nodes, and subject 4 (row d) with
mantle cell lymphoma has a large central mesenteric mass. The black arrows indicate the lesions. Any unmarked uptake on the PET scans is
physiologic. The lesions are seen on all modalities, although the ['®FIFSPG PET scan shows very little uptake for some of the lesions (SUV right hip
mass (@) 11.3 and 2.9, left mesenteric lymph node (b) 9.2 and 3.2, right axillary lymph node (c) 3.5 and 1.1, and central mesenteric mass (d) 11.1 and
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cancer types chosen were based on known increased ac-
tivity and the proven role by [**F]JFDG. It is noteworthy
that this also poses a strong inherent potential bias
against ['®F]FSPG due to an underestimation of the
added clinical impact in non-FDG-avid disease. The goal
was not to outperform ['8F]FDG in these indications,
but to learn about the potential utility of [**F]FSPG in
these indications while addressing a different metabolic
pathway for imaging. In this light, the results of this
study show that ["®F]FSPG indeed performed well for all
these cancer types except for certain subtypes of lymph-
oma. However, since only 1-2 subjects per type were
imaged, results should be cautiously evaluated. Overall,
the SUV for ["*F]FSPG was generally similar but slightly
lower than [*®F]FDG across all 15 subjects, and when
evaluated as a ratio relative to background uptake, it was
slightly higher than [*®*F]FDG. Statistically significant dif-
ferences were observed in some instances (absolute up-
take in HNC and the tumor-to-muscle ratios in CRC
and NHL) but should be interpreted with caution since,

again, the small sample sizes limit the power for each of
these evaluations.

It is generally well accepted that system xc~ mediated
uptake of cystine and glutathione biosynthesis have pro-
survival functions under stress conditions. The unex-
pected and unique observation made by Koppula et al.
[29] on the pro-cell death function of system xc in the
context of glucose starvation is of special interest. It was
reported from preclinical investigations that tumor cells
with high system xc~ activity would have a more limited
metabolic flexibility and more reliance on glucose for sur-
vival than those with low system xc~ activity. High intra-
cellular levels of cystine from increased system xc~ activity
can be potentially toxic, if the constitutive reduction to
the more soluble cysteine is limited. Constant replenishing
of the cellular NADPH pool is required and renders such
cells dependent on the pentose phosphate pathway and
high glycolytic activity [30]. This may also explain the high
concordance between ['*F]JFDG and [**F]JFSPG in this
study. Another publication reports about similar
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observations on reduced nutrient flexibility upon in-
creased system Xxc~ expression [45]. Accordingly, tumors
with high [**F]FSPG uptake could represent those that
would be more vulnerable than those with low [**F]JFSPG
uptake when glucose is limited. More research is needed
to verify the model for the proposed role of system xc~ on
glucose dependence to better understand the possible im-
plications of these observations.

These initial promising results with [®F]FSPG warrant
further evaluation in a larger cohort of cancer patients to
confirm these preliminary findings. Moreover, it would be
beneficial to investigate the possible role of [**F]FSPG
PET in imaging ["*F]FDG non-avid disease and assessing
therapy response. Additional information on the meta-
bolic phenotype and adaptations of tumors against oxida-
tive stress may provide a better understanding of the

underlying tumor biology and chemoresistance mecha-
nisms that can potentially be useful for therapy selection
and monitoring with [*8F]FSPG PET.

Conclusion

[*®F]FSPG is a promising PET radiopharmaceutical that
specifically targets the xc~ transporter. Avid uptake of
["®F]FSPG was observed in subjects with HNC and CRC,
and variable uptake was seen in subjects with NHL.
Overall, the results are encouraging and show concord-
ant visualization with [*®F]FDG PET across 15 subjects
with 3 different cancer types. Future studies based on
larger numbers of subjects and those with a wider array
of primary and recurrent or metastatic tumors are
planned to further evaluate the utility of this novel
radiopharmaceutical.
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vertical bars represent the standard deviation of the data, but are shown
only for the HNC subjects for ease of visibility.

Additional file 3: Supplementary Figure 2. Time-activity curves across
all 7 imaging time-points for all subjects for each of the 3 cancer indica-
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