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Glucose and glutamine are the most abundant nutrients for producing
energy and building blocks in normal and tumor cells. Increased
glycolysis in tumors, the Warburg Effect, is the basis for '8F-FDG PET
imaging. Cancer cells can also be genetically reprogrammed to use
glutamine. 5-''C-(2S)-glutamine and '8F-(2S,4R)4-fluoroglutamine
may be useful complementary tools to measure changes in tumor
metabolism. In glioma patients, the tracer '8F-(2S,4R)4-fluoroglutamine
showed tumor-to-background contrast different from that of
18F-FDG and differences in uptake in glioma patients with clinical
progression of disease versus stable disease (tumor-to-brain ratio
> 3.7 in clinically active glioma tumors, minimal or no specific uptake
in clinically stable tumors). These preliminary results suggest that
18F-(2S,4R)4-fluoroglutamine PET may be a new tool for probing
in vivo metabolism of glutamine in cancer patients and for guiding
glutamine-targeted therapeutics. Further studies of uptake mechanism,
and comparison of kinetics for 18F-(2S,4R)4-fluoroglutamine versus the
11C-labeled native glutamine, will be important and enlightening.
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Cellular metabolism in tumor cells is significantly different from
that in normal cells (/). In normal and tumor tissues, glucose is the
most common source of nutrient, providing most energy and meta-
bolic substrates for maintaining cell growth. It was 90 y ago that
Warburg first reported a dramatic transformation of glucose metab-
olism and mitochondrial activity occurring in tumor cells. Tumor
cells adopt different strategies to survive in a changing microenvi-
ronment, forcing the cell to use alternative metabolic processes
to support growth and proliferation. Cancer cells modify key
metabolic pathways, such as Myc (2), and many other key
switching points that control cellular metabolism. Oncogene
expression and loss of tumor suppressor gene significantly mod-
ify glucose and glutamine metabolism in tumor cells (Fig. 1)
(3,4). Epigenetic adaptation in cancer cells plays a critical role in
switching different biochemical processes, which lead to increased
adenosine triphosphate production through oxidative phosphorylation
necessary for tumor cells.

Inhibition of altered metabolic mechanisms is a new strategy for
development of cancer therapy (3,5,6). It is now generally accepted
that reprogramming of cellular metabolism providing alternative
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biochemical machinery to use glutamine is a consequence of onco-
genic mutation in promoting tumor growth. Glutamine is the second
most abundant nutrient (after glucose) in blood circulation, at a
concentration of about 0.5 to 1 mM. Recently, there is a renewed
interest in investigating cancer metabolism in understanding the
mechanisms for tumor proliferation but also as a basis for develop-
ment of treatments specifically targeting the metabolic pathways
sustaining the tumor growth. Such pathways involved in glycolysis
or glutaminolysis could be exploited for therapeutic purposes (/,3).

Glutamine is transported across cell membrane by at least 3 dif-
ferent amino acid transporters: sodium-neutral amino acid trans-
porters; alanine, serine, cysteine—preferring transporter 2 (ASCT2, or
SLC1AS); and large neutral amino acid transporter 1 (LAT1) (7).
These transporters are nonspecific, and they function as transporters
for multiple amino acids. The glutamine transporter ASCT2 appeared
to be the most prominent and unregulated transporter for glutamine
uptake in many cancer cells. Therefore, inhibiting the glutamine
uptake by blocking the glutamine transporter ASCT?2 is now an active
and ongoing area of cancer therapeutic development (3,8,9). After
entering into the cell, glutamine is first converted to glutamate by
glutaminase (Fig. 1), and subsequently glutamate dehydrogenase
removes one more ammonia group from the glutamate to produce
a-ketoglutarate, through which it enters the tricarboxylic acid cycle
for producing metabolic substrates and energy (Fig. 1). Blocking the
glutamine transporters or the first metabolic enzyme glutaminase in
tumor cells would stop the cancer cells from using glutamine. Inhib-
itors of glutaminolysis may serve as a therapeutic goal to help starve
the cancer to death. The processes may be more selective because of
differences in isoforms of glutaminase for tumors versus major met-
abolic organs such as the liver (10,11).

Currently, PET imaging is an important tool for the diagnosis and
monitoring of treatment of cancer. The '®F-FDG PET imaging takes
advantage of increased glucose transport and hexokinase II activi-
ties of tumor cells—Warburg effect; there is often a significantly
increased trapping of '®F-FDG in the actively proliferating tumor
tissue, which is visualized by PET images. Despite the success of
using '8F-FDG PET in staging and monitoring tumors in humans,
there is a growing realization that some types of active tumors may
adapt a different metabolism profile using various metabolic sub-
strates other than glucose.

UPTAKE OF GLUTAMINE IN TUMOR CELL LINES AND
TUMOR MODELS

To develop a glutamine-based PET imaging agent, a convenient
procedure to prepare 5-!''C-(2S)-glutamine (''C-Gln) was reported
(Fig. 2A) (12), and this preparation specifically labeled !'C at the C5
position. Tumor cell uptake studies showed high uptake of 'C-Gln
(reached 17.9% and 22.5% per 100 pg of protein, respectively, at
60 min in 9L and SF188 tumor cells). At 30 min after incubation,
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FIGURE 1. Simplified schematic drawing of intracellular metabolism of
glucose and glutamine is presented to show possible metabolic changes
in tumor cells using glycolysis or glutaminolysis. Tumor cells may use both
pathways to generate energy and intermediate metabolites for survival
and growth. However, tumor cells may switch energy source to glutamine,
and thus enhance their survival and proliferation.

more than 30% of the activity appeared to be incorporated into
cellular protein. The intracellular uptake and metabolism will likely
make the quantitative kinetic modeling of ''C-Gln in vivo much
more complicated, akin to other highly metabolized substrates such
as glucose and thymidine (/3). Biodistribution in normal mice
showed that ''C-Gln had significant uptake in the pancreas
(7.37% injected dose per gram at 15 min), most likely because of
the exocrine function and high protein turnover within the pancreas.
Dynamic small-animal PET studies in rats bearing xenografted 9L
tumors and in transgenic mice bearing spontaneous mammary gland
tumors showed a prominent tumor uptake and retention. This tracer
was favorably taken up in the tumor models. The results suggest
that ''C-GIn might be useful for probing in vivo tumor metabolism
in glutaminolytic tumors (/2). Thus far, no human imaging studies
of ''C-Gln have been reported, likely because of the constraint of
short physical half-life and complicated radiolabeling and purifica-
tion steps. However, in the future this agent may still be a useful
tool for studying glutamine metabolism of cancer cells and validat-
ing the biochemistry of analogs, akin to the use of other 'C-labeled
substrates to clarify kinetics for commonly used analogs such as
thymidine and '8F-FDG (13).

Because the half-life of '8F (110 min) is 5.5 times longer than that
of ''C (20 min), logistically, '8F tracers are more suited to prepara-
tion in off-site cyclotrons and delivery to nuclear medicine clinics
via commercial distribution networks currently existing for
I8F-FDG. A versatile synthetic route to prepare all 4 stereoisomeric
9F- and '8F-labeled 4-fluoro-glutamines (4-FGIn) was developed
by exploiting a Passerini 3-component reaction (/4). All 4 possible
4-FGln isomers—(2S,4R), (25,4S), (2R,4S), and (2R,4R)—have been
prepared and tested in tumor cell lines. Among them, '8F-(25,4R)4-
FGIn and '8F-(2S5,45)4-FGln are L-glutamine (natural amino acid)
analogs (structures shown in Fig. 2A), whereas (2R,45)4-FGIn and
(2RAR)4-FGIn are D-glutamine (unnatural amino acid) analogs.
Only the natural L-glutamine derivatives '8F-(2S,4R)4-FGIn and
18F-(25,45)4-FGIn displayed a significantly higher uptake and re-
tention in tumor cells than '8F-FDG and 3H-(2S)-glutamine, suggest-

534

ing that these 2 analogs were preferentially taken up and retained by
the tumor cells in vitro under identical condition (Fig. 2B). One
isomer, '8F-(25,4R)4-FGln, displayed the most promising properties
as a potential diagnostic tracer for PET imaging to assess glutamine
transport and distribution in various types of tumors. Additional
studies were performed to demonstrate the utility of this tracer.
Biodistribution and PET imaging studies showed that '8F-(25,4R)
4-FGln localized in tumors with a higher uptake than in surrounding
muscle and liver tissues. Significantly, small-animal PET imaging
studies of '8F-(25,4R)4-FGIn in 9L tumor xenografts in F344 rats, a
well-known and established animal model that represents typical
glioblastomas that would be found within a clinical setting, dis-
played excellent images (Figs. 3 and 4). The imaging studies in this
rat tumor model clearly confirmed that the agent is highly selec-
tive for tumor. A recent report also suggests that the uptake of
18F_(2S,4R)4-FGln, but not '®F-FDG, correlates with relative ASCT2
levels in xenograft tumors (/5). In genetically engineered mice,
18F-(25,4R)4-FGIn accumulation was significantly elevated in lung
tumors, relative to normal lung and cardiac tissues (15). In addition,
it was reported that cancers can also derive metabolic support from
the surrounding stromal cells (/6). Enhanced glutamine production
in cancer-associated fibroblasts by harnessing carbon and nitrogen to
maintain cancer cell growth when glutamine is scarce was observed.
Therefore, as a new therapeutic approach it may be possible to
cotarget stromal glutamine synthetase and cancer cell glutaminase,
which disrupts this metabolic crosstalk and hence induces tumor
regression, as shown in an ovarian carcinoma mouse model (/6).

It was reported that '8F-(2S,4R)4-FGIn showed a high uptake and
retention in tumor tissue, with minimal uptake in the surrounding
brain, enabling clear tumor delineation in all glioma animal models
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FIGURE 2. (A) Chemical structures of 1'C-GiIn, '8F-(2S,4R)4F-GIn, and

18F-(2S,4S)4F-GIn. (Adapted with permission of (72,74).) (B) In vitro uptake
studies of '8F-(2S,4R)4-FGIn (blue) and '8F-(2S,4S)4-FGIn (brown) in
SF188bcl-xL cell line. 3H-L-glutamine (black) and '8F-FDG (red) were used
as reference ligands. (Modified with permission of (74).)
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FIGURE 3. (A) Small-animal PET images of '8F-(2S,4R)4-fluoroglut-

amine in F344 9L (glioma tumor) rat after intravenous injection. Data rep-
resent images from summed 2-h scan. Images are shown in trans-
verse, coronal, and sagittal views. Arrows represent location of tumors.
(B) Small-animal PET time—activity curve for 18F-(2S,4R)4-fluoroglutamine
after intravenous injection into F344 rat bearing xenografted 9L tumor on
left shoulder. (Modified from reference (37).)

tested (7). No '3F-(25,4R)4-FGln uptake was detected in a model of
impaired blood-brain barrier or multiple animal models of neuro-
inflammation. The results suggest that '3F-(2S,4R)4-FGIn uptake is
mainly mediated by the amino acid transporter ASCT2, which
was minimally expressed in the normal brain but markedly increased
in gliomas (I8).

There is a vast difference in biologic behavior between glutamine
and glutamic acid analogs ('8F-(25,4R)4-FGln vs. '8F-(2S,4R)4-
FGlu) (19). Imaging studies showed that both tracers had fast ac-
cumulation in 9L tumors. 8F-(2S,4R)4-FGIn displayed a prolonged
retention in the tumor model, whereas the glutamic acid derivative
I8F_(25,4R)4-FGlu exhibited fast efflux from the tumor tissue. It is
reasonable to conclude that '8F-(25,4R)4-FGlu enters tumor cells
with high efficiency with a low level of metabolism inside the cells.
Converging evidence suggests that (25,4R)4-FGIn is not a good
substrate for different forms of glutaminase, further supporting the
inertness of this fluorinated glutamine as substrate for further me-
tabolism (20) and as a probe for glutamine transport and intracel-
lular pool size.

Because glutaminolysis is an alternative metabolic pathway, many
aggressive cancers under stressful microenvironments may adopt it
to overcome limitations on nutrients and oxidative potential-limiting
tumor growth. One such example is the triple-negative breast cancer
(TNBGC; refers to any breast cancer that does not express the genes
for estrogen receptor, progesterone receptor, and human epidermal
growth factor receptor 2), which used glutamine via reprogramming
gene expression for survival and growth. Xenografts of human
TNBC cells and estrogen receptor—positive breast cancer (MCF7
tumor cells) in mice exhibited either high or low glutaminase
activity, respectively. It was demonstrated that the enzyme activ-
ities in these tumor models can be monitored using '8F-(2S,4R)4-
FGIn PET imaging before and after treatment with 2 glutaminase
inhibitors: BPTES (bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-
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yl)ethyl sulfide) and CB-839 (N-[5-[4-[6-[[2-[3-(trifluoromethoxy)
phenyl] acetyl] amino]-3-pyridazinyl]butyl]-1,3,4-thiadiazol-
2-yl]-2-pyridineacetamide, 2-(pyridin-2-yl)-N-(5-(4-(6-(2-(3-
(trifluoromethoxy) phenyl)acetamido)pyridazin-3-yl)butyl)-
1,3,4-thiadiazol-2-yl)acetamide), or vehicle solution. The tumor-to-blood
activity ratios (T/B) were obtained from PET images and compared
with tumor glutamine concentrations (umol/g) assayed by high-
resolution 'H MR spectroscopy of tumor homogenates. Results from
this study suggested an interesting interplay between intracellular
glutamine concentration and glutaminase enzyme inhibition. It was
apparent that because of differential glutaminase activities, TNBC
tumors that actively catabolize glutamine exhibited a distinctly
lower glutamine concentration compared with MCF7 (a cell type
with minimal glutaminolysis) at baseline. On glutaminase inhibition,
glutamine concentration increased only in TNBC: The T/B values
increased significantly compared with baseline, and the percentage
change of T/B in the glutaminase inhibitor—treated group differed
significantly compared with the vehicle-treated group. In contrast, no
significant change in T/B was detected in MCF7 tumors after
glutaminase inhibitor treatment compared either with baseline or
with vehicle treatment. Across both tumor types, there was a positive
correlation between T/B values (noninvasively by PET) versus tumor
glutamine concentrations estimated by MR spectroscopy. Within
the time frame of PET imaging (1 h), '3F-(25,4R)4-FGIn was
minimally metabolized and remained primarily as the parent ligand
in the tumor and blood. This example demonstrates that in breast
cancers with high glutaminase activity, an increase of cellular
glutamine pool size induced by glutaminase inhibitors can be
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FIGURE 4. '8F-4-FGIn shows uptake in human gliomas undergoing pro-
gression. (A-F) Images from glioma patient. (A) T1-weighted MR image
with contrast enhancement from a 42-y-old IDH1m (isocitrate dehydroge-
nase 1 mutation) oligodendroglioma patient showing tumor with minimal
gadolinium enhancement (red arrows) along surgical cavity (indicated by
white dotted line). (B) Fusion '8F-4-FGIn PET/CT showing '8F-4-FGIn up-
take in areas corresponding to tumor (red arrows). (C) '8F-4-FGIn PET
showing high uptake in tumor with minimal uptake in surrounding brain.
(D) CT scan used to generate PET/CT fusion image in B. (E) '8F-FDG PET
image from same patient showing high background brain avidity and tu-
mor uptake in posterior part of tumor (3 red arrows), but not in anterior
portion (2 red arrows). (F) Time-activity curve of 18F-4-FGIn: SUVs corre-
sponding to tumor (black squares) and blood (clear circles). (Reprinted with
permission of (17).)
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sensitively detected by PET imaging with '8F-(2S,4R)4-FGlIn. It is
also suggested that '8F-(2S5,4R)4-FGIn may be useful for assessing
the pharmacodynamics of drugs targeting this cancer-specific glu-
tamine metabolism (/8). The increased glutaminase level in these
cells is by no means an accident; the TNBC cells may have un-
dergone epigenetic reprogramming in response to changes in the
microenvironment. Inhibition of this enzyme in this type of tumor
growth may be monitored by PET imaging with '8F-(2S,4R)4-
FGIn. Additional studies using 5-!'C-(2S)-glutamine, suitable
for intracellular metabolism, may likely lead to avid contrast for
glutamine use in these tumor cells. However, caution should be taken
that the apparent differences between gliomas and breast cancers
may, in part, be due to the impact of both specific and nonspecific
transport across the blood-brain barrier in gliomas. Other metabolic
cancers also show abnormal glutamine metabolism, including several
Krebs cycle—related endocrine tumors (pheochromocytoma and renal
cell carcinoma) (21,22). These cancers are related to SDHB and FH
mutations that result in abnormal glycolysis and presumably gluta-
minolysis working in symbiosis in these cancers.

IMAGING STUDIES IN HUMANS

In the past few years, efforts in investigation of '8F-(2S,4R)4-
FGIn in cancer patients have led to an improved understanding of
glutamine function in humans and its potential application in cancer
patients (/7,23), especially in brain tumor patients in whom high
I18F-FDG uptake in normal brain tissue interferes with the detection
of specific tumor uptake. Recently, Venneti et al. reported that in
glioma patients the new tracer appears to show unique features
different from those of '8F-FDG. Comparison of 3F-(2S,4R)4-
FGIn uptake in glioma patients with clinical progression of disease
and patients with stable disease showed minimal '8F-(25,4R)4-
FGIn uptake in normal brain parenchyma, and the '3F-(25,4R)4-
FGln retention in all tumors showed T/Bs between 3.7 and
4.8. In contrast, clinically stable tumors showed minimal or no
I8F_(25,4R)4-FGln activity on PET. Normal brain tissues in these
same patients demonstrated high '3F-FDG activity, with normal
I8F-FDG brain concentrations (SUV) equivalent to or greater than
tumor SUVs (T/B range, 0.9-1.0). Images of '8F-FDG could dis-
tinguish the posterior portion of the tumor (Fig. 4E, 3 red arrows)
from the surrounding brain, but not the anterior part (2 red arrows,
Fig. 4E). In contrast, both regions of the tumor showed high uptake
with 18F-(25,4R)4-FGIn (Fig. 4C). The infiltrative nature of glio-
mas may be the cause of this observation. Further, this patient’s
tumor demonstrated mild contrast enhancement on gadolinium-
enhanced MRI (Fig. 4A) but high '3F-(2S,4R)4-FGIn avidity
(Fig. 4C) and retention of '8F-(2S,4R)4-FGIn compared with its
rapid clearance in the blood (Fig. 4F). These findings in human
subjects demonstrate that clinical '8F-(25,4R)4-FGIn PET can eval-
uate high-grade glioma in vivo and may be potentially useful in
identifying tumors undergoing transformation. It addition, it may
also provide a unique tool for studying the progression, monitoring
tumors after radiation and chemotherapy in glioma patients. Further
studies will be needed to elucidate the kinetics of '8F-(2S,4R)4-FGIn
in brain tumors and to understand the relative importance of trans-
port and cellular pool size in determining uptake seen on PET.

OTHER AMINO ACID DERIVATIVES FOR TUMOR IMAGING

Several '!C- and !8F-labeled amino acids have been used as PET
tumor imaging agents in humans (24). These include L-!'C-methio-
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nine, L-'8F-fluoro-a-methyl-tyrosine, O-(2-'8F-fluoroethyl)-tyrosine
(*8F-FET), and anti-1-amino-3-'8F-fluorocyclobutylcarboxylic acid
(fluciclovine, axumin) (25). Uptake of these tracers permits imaging
of primary and metastatic prostate cancer and is likely related to the
increased expression of amino acid transporters in tumors. Compared
with '8F-FDG, '8F-fluciclovine shows a low renal excretion. Appar-
ently, once it is transported across the membrane, no further metab-
olism occurs. Another labeled amino acid derivative, '8F-FET, is a
tyrosine analog that is transported across the cell membrane via LAT
and is not incorporated into cellular proteins. In contrast to ¥ F-FDG
and methionine, it is not taken up in inflammatory cells. As such, it is
often used for imaging brain tumors such as gliomas. The mechanism
of uptake of '8F-FET is not related to glutamine use but rather to
the upregulation of amino acid transporter, LAT, at the tumor cell
membrane. A recent report showed that 3-fluoropropyl analogs of
glutamine, namely 3F-(2S4R)- and '3F-(2S,4S)-4-(3-fluoropropyl)
glutamine, have in vitro and in vivo tumor-specific uptake: they dis-
played cell uptake efficiently in 9L tumor cells, with a steady increase
over a time frame of 120 min. The in vitro cell uptake studies also
suggested that '8F-(285,45)-4-(3-fluoropropyl)glutamine is most sen-
sitive to the LAT. In vivo PET imaging studies demonstrated tumor-
specific uptake in rats bearing 9L xenographs. However, the tumor
uptake and retention mechanisms may be significantly different from
other glutamine probes, such as ''C-Gln and '8F-(2S,4R)-4-FGIn
(26). Amino acid Xc transporter system is an active transporter for
negatively charged amino acids, such as glutamic acid. This trans-
porter, Xc system, differs from glutamine transporters because gluta-
mine is a neutral amino acid and transported across cell membrane via
3 different neutral amino acid transporters (27). (4S5)-4-(3-'8F-fluoro-
propyl)-L-glutamate (BAY94-9392) is an L-glutamate derivative that
is specifically taken up by system Xc in tumor models and cancer
patients (27-29). A similar tracer targeting the Xc transporter system,
5-18F-fluoro-aminosuberic acid, also demonstrated potential useful-
ness as a tracer for monitoring of upregulation of system Xc trans-
porter and oxidative stress (30). Currently reported '8F-labeled amino
acid-based PET imaging agents are designed to take advantage of the
increase of amino acid transporters on the membrane of tumor tissue.
However, they are unlikely to be specific for detecting changes in
glutamine metabolism in tumor cells.

PERSPECTIVES

In summary, the glutamine tracers 5-''C-(2S)-glutamine (*'C-Gln)
and '8F-(28,4R)4-fluoroglutamine (8F-(25,4R)4-FGln) are useful for
probing in vivo metabolism of glutamine in cancer cells. It is likely
that ''C-Gln enters the tumor cells and converts to glutamic acid by
glutaminase and subsequently burns up as fuel in the tricarboxylic
acid cycle. On the other hand, '8F-(2S,4R)4-FGIn may enter tumor
cells efficiently and is trapped in cytosol with minimal in vivo me-
tabolism. Both tracers may be useful for probing the epigenetic
changes in various tumors and monitoring effects of radiation and
chemotherapy in patients. Apparent differences between glioma and
somatic tumor models (breast cancer xenografts) suggest that the
kinetics and biologic determinants of glutamine probe uptake need
further studies, and a comparison of kinetics of the true substrate
("'C-GIn) to the nonmetabolized analog ('3F-(25,4R)4-FGln) is
likely to be important in understanding in vivo biochemistry, as
was the case for glucose probes. Many different pathways linked
to changes of tumor metabolism are being explored as targets with
the goal of starving the tumor cells to death. Molecular imaging
based on glutamine metabolism may provide useful tools for further
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understanding tumor metabolism as well as development of novel
therapies to reverse tumor growth.
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