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The two glucose analogs 2-deoxy-D-glucose (2-DG) and 2-fluoro-2-deoxy-D-glucose (FDG) are
preferentially taken up by cancer cells, undergo phosphorylation and accumulate in the cells. Owing to their
exchangeable protons on their hydroxyl residues they exhibit significant chemical exchange saturation
transfer (CEST) effect in MRI. Here we report CEST-MRI on mice bearing orthotopic mammary tumors
injected with 2-DG or FDG. The tumor exhibited an enhanced CEST effect of up to 30% that persisted for
over one hour. Thus 2-DG/FDG CEST MRI can replace PET/CT or PET/MRI for cancer research in
laboratory animals, but also has the potential to be used in the clinic for the detection of tumors and
metastases, distinguishing between malignant and benign tumors and monitoring tumor response to
therapy as well as tumors metabolism noninvasively by using MRI, without the need for radio-labeled
isotopes.

ost cancer cells are characterized by high rate of glycolysis even in the presence of oxygen (the “Warburg

effect”). This characteristic distinguishes between benign tissue and rapidly growing malignant tumors

and is further enhanced in metastatic tumors>’. The two glucose analogues, 2-deoxy-D-glucose (2-DG)
and 2-fluoro deoxy-D-glucose (FDG) are taken up by cells through the glucose transporter, and undergo
phosphorylation catalyzed by hexokinase. However unlike glucose they and their metabolic products accumulate
in the cells**. This property is the basis of the use of the radioactive "*F-FDG for positron emission tomography
(PET)®”. At present, the vast majority (~95%) of all clinical PET studies use FDG. Usually PET is not used as a
stand-alone modality but is combined with computerized tomography (PET/CT). Recently combined PET/MRI
scanners were developed'®'!, however, their clinical use is still in its infancy. Obviously, if magnetic resonance
imaging of the FDG molecules was possible it would have been a valuable alternative to the PET/MRI combina-
tion. Nakada et al'* and Kanazawa et al"® suggested the MR imaging of FDG using its natural stable isotope ’F.
They demonstrated the '’F MRI of FDG in rat brain, but due to the low SNR this approach would not be practical
for clinical application.

The chemical exchange saturation transfer (CEST) NMR method enables to detect low concentrations of
metabolites that contain residues with exchangeable protons such amine, amide or hydroxyl'*'*. The enhanced
sensitivity of the method allows obtaining images of relatively low concentrations of endogenous cellular com-
ponents or exogenous agents by MRI. Enhancement factors of up to 10° relative to the concentration of the
molecules of interest have been reported for certain systems (For recent reviews see e.g.'*"'*). CEST has been
shown to enable the imaging of tissue pH'®, to map brain proteins through their -NH residues®, to monitor
glycogen concentration in the liver*', to image myo-inositol in the brain** and to map a specific gene expression in
vivo™. By the use of CEST we were able to image changes of the levels glycosaminoglycans (GAGs) in human
joints in vivo following injury** and also to follow changes on the GAGs contents in the nucleus pulposus part of
intervertebral discs in vitro®. Recently, CEST measurements were reported for implanted tumors in mice
following administration of glucose (glucoCEST)***” and for rat brain following administration of 2-DG*®.

In the present work we take advantage of the enhanced accumulation of 2-DG and FDG in tumors to obtain
high CEST values. Our results suggest that either 2-DG-CEST or FDG-CEST could serve as potential replace-
ments of PET/CT or PET/MRI in the clinic for the detection of tumors and metastases, distinguishing between
malignant and benign tumors and monitoring tumor response to therapy, without the need for radio-labeled
isotopes.
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Figure 1| MTRasym plots of 20 mM FDG (a) and 2-DG-6P sodium salt (b) in H,O solution (10% D,0) as a function of rf saturation field (B,) at pH =
6.3 (a)and 7.5(b), T = 25°C, at 11.7 T. The inserts are the MTR,gym plots at 1.2 ppm vs. rf saturation field B; (uT).

Results

The magnitude and the frequency dependence of the CEST effect
were measured for the two glucose analogs, FDG, 2-DG and for the
phosphorylated derivative of 2-DG, as potential markers of tumor
response. The MTRym, plots for FDG and 2-DG-6P at a concentra-
tion of 20 mM are shown Fig. 1. The CEST percent increased with
the B; power and, for the peak at 1.2 ppm, reached values of 15% and
22% for FDG and 2-DG-6P respectively for B; power level of 5.9 uT
(250 Hz). The CEST for 2-DG was about 30% lower than that of 2-
DG-6P. It may be noted that no hydroxyl proton peaks could be
observed for the same solutions by 'H NMR single pulse experiment.
This is explained by the fact that since the water proton concentra-
tionis 111 M, CEST values of about 20% for 20 mM concentrations
of the glucose analogs correspond to an enhancement factor of about
10° over the direct detection of the metabolites. The CEST experi-
ment was also done for 2-DG-6P in D,O solution in order to obtain a
better resolved spectrum (not shown here). In this experiment the
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MTR4ym plot shows well resolved three peaks belonging to hydroxyl
protons at about 1.2,2.1 and 2.8 ppm. A forth peak may be present at
about 0.6 ppm from the water resonance. The CEST effect of a com-
bined extracts of tumors following the i.v. injection of 1-4 g/kg2-DG
shown in Fig. 2(b) has similar features as those of 2-DG and 2-DG-6P
solutions. Fig. 2(a) show the CEST effect for solution made of pooled
extracts of several tumors with no 2-DG injection showing lower
values of CEST.

F NMR studies. In order to assess the fate of FDG after being
introduced to the tumor, F NMR was measured on combined
extracts of tumors excised at 60-90 min. after administration of
EDG (Fig. 3). It is seen from the figure that the ratio of the fraction
of FDG that underwent phosphorylation to that of the unpho-
sphorylated one is 0.76: 1. This value was calculated for the ratio
of the o anomers whose spectra are well resolved. One can assume
that the same ratio applies also for the B anomers since the ratio
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Figure 2 | MTRasym plots of combined extracts of tumors (with 10% D,0) as a function of rf saturation field (B,) at pH = 7.5, T = 25°C, at 11.7 T:
(a) combined control extracts of tumors; (b) combined extracts of tumors treated with 2-DG.
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Figure 3 | 'H-decoupled '°F NMR spectrum of combined extracts of tumors injected with FDG. Signals assignments were based on previously published
data®. (a): UDP-FDG; (b): aFDM-1P; (c) «aFDM-6P; (d) UDP-FDM and oFDM. The peaks are referenced to CFCl; in CDCl; (0 ppm).

between the oand B anomers is not sensitive for the phosphorylation
at the 6™ position (Rivlin et al., unpublished results). Based on the
similar CEST effects for 2-DG and 2-DG-6P both FDG and FDG-6P
should have equal contributions to the CEST and thus for the tumor
the ratio of the phosphorylated to unphosphorylated FDG is about
0.76: 1. Other metabolic products of FDG such as FDM, FDM-6P
may also contribute to the CEST of the tumor, but their concen-
trations are relatively small. One metabolic product that was not
reported before is inorganic fluoride ion. However this product
should not contribute to the CEST effect but will contribute to the
PET images.

In vivo CEST MRI studies. To study the potential use of CEST MRI
to image mammary tumors, we performed 2-DG/FDG CEST MRI
experiments on mice bearing DA3 tumors injected with either 2-DG
or FDG glucose analogs. Tumor anatomy was initially imaged using
T, weighted spin echo sequence (RARE). The MR images prior to
glucose analog injection showed CEST effects in the tumor at a shift
of =1.2 ppm relative to the water signal and B; value of 2.5 uT
(106 Hz) in the range of 6.1 = 1.4%, n = 6.

Three examples of CEST-MR images of tumors following the
administration of the 2-DG or FDG are given in Figs. 4-6. In the
first experiment 2-DG was administered by cannulation via the tail
vein and in the last two by i.v. injections. As it can be seen from Fig. 4,
12 min after the 2-DG injection (2 g/kg) a strong CEST effect was
visualized at the tumor, which can be attributed to a combination of
the accumulation in the tumor of 2-DG, and its phosphorylated
products. The temporal change in %CEST showed rapid increase
up to about 0.5 hours following by long steady state persistence of
the CEST effect at a level of 22%. A second dose of 2 g/kg 2-DG
resulted in a further increase of the CEST effect. Other organs (apart
from the urinary bladder) did not show any significant CEST effect
throughout the MRI scans session. It is interesting to note that only

the lower part of the tumor displayed CEST effect. Presumably only
this part has an active metabolism. Fig. 5 describes an experiment
where a large necrotic area was present at the center of the tumor.
The CEST effect was most pronounced at the rim of the tumor,
presumably the most metabolic active part. In this experiment the
CEST had sharp increase at 4 min and a steady increase up to
90 min. The difference in the initial temporal behavior may be
related to the method of the 2-DG administration. In Fig. 6, CEST
images following the injection of 1 g/kg FDG are described. Here
again, like the second 2-DG experiment there was a sharp CEST
increase within less than 12 minutes. In this particular experiment
the CEST effect in the control was unusually high (12%). However
the CEST at about 1 hour following the injection of FDG was much
higher (30%).

As was mentioned in the Introduction, CEST measurements
were performed in implanted tumors in mice following admin-
istration of glucose (glucoCEST)**”. To compare 2-DG/FDG-
CEST to glucoCEST under the same experimental setups we
performed experiments using injection of 1.5 g/kg glucose. The
results of the experiments were essentially the same and one of
them is shown in Fig. 7. As can be seen from the figure the two
main differences between the glucose experiment and those of the
2-DG and FDG glucose analogs are the lower CEST enhancement
by the glucose, which was of about 10% at its maximum, and the
sharp decline of the CEST after 20 minutes reaching a value of
only 3% above the control. This is in contrast with the CEST of 2-
DG and FDG which persisted for over an hour.

Discussion

This study has shown that 2-DG/FDG CEST detection is feasible in
tumor of mice at 7 T. The tumor exhibited CEST enhancements of
up to 30% for mice injected with either 2-DG or FDG. These high
values are the combined results originate from the injected 2-DG and
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Figure 4 | CEST MRI kinetic measurements in the tumor at different times following 2-DG treatment. Each injection was 2 g/kg body weight. In gray
scale, the conventional T, weighted image (before injection). The marked ROI was used for the %CEST calculation.

FDG, their phosphorylated products 2-DG-6P and FDG-6P and
from other metabolic products. This conclusion is based on our "F
NMR of the extracts of the excised tumors following the administra-
tion of FDG showing that more than half of the FDG in the tumors
remained in the unphosphorylated form. Reports in the literature
indicate that FDG-5P is partially converted to 2-fluoro-2-deoxy-D-
mannose 6-phosphate (FDM-P) in rodents brain, heart and
tumors'**-*2. The rate of phosphorylation of 2-DG is similar to that
of FDG measured in the present work. This conclusion is based on

our previous in vivo >’C NMR results obtained for implanted MCF-7
tumors in mice following i.p. injection of 2-DG labeled at the 6"
position®. In that study the concentration of 2-DG-6P reached the
same level as that of the 2-DG at about 90 min and after 250 min
most of the 2-DG has disappeared while the 2-DG-6P retained about
half of its maximal value. 2-DG was found to convert in rat brain, in
addition to 2-DG-6P also to 2-deoxy-D-glucosel-phosphate and 2-
deoxy-D-glucosel,6-biphosphate®. The CEST effect of the phos-
phorylated and the unphosphorylated sugars do not differ that much.
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Figure 5| CEST MRI kinetic measurements in the tumor at different times following injection of 2-DG, 1 g/kg. The upper left image is T, weighted
image that identifies the location of the tumor prior to administration of 2-DG. The marked ROI was used for the %CEST calculation.
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Figure 6 | CEST MRI kinetic measurements in the tumor at different times following injection of FDG, 1 g/kg. The upper left image is T, weighted
image that identifies the location of the tumor prior to administration of FDG. The marked ROI was used for the %CEST calculation.

The CEST effect of 2-DG-6P was found by us and in ref. 28 to be
about 30% greater than that of 2-DG. The lower CEST effect follow-
ing injection of glucose and its short duration is not surprising since
glucose is expected to be further metabolized to lactic acid that arbor
no CEST effect.

Tumor tissue is not homogeneous, containing clusters of tumor
and normal cells, vascular structures and necrotic tissue. Our FDG/2-
DG CEST MRI demonstrates this heterogeneity. Only the metabo-
lically active part of the tumor exhibit enhanced CEST effect, this
illustrates the diagnostic benefit and uniqueness of this technique
that is sensitive enough to detect regional differences in tumor
uptake. Unlike the conventional anatomical images, 2-DG CEST
MRI method enables to distinguish between the demand parts of
tumor, while no CEST signal is obtained from the necrotic region
or other non-metabolically active parts of the tumor.

This method has the potential to detect even small tumors in
patients, by 2-DG or FDG uptake, based on differences in the con-
trast. Clear advantage to this method can be expressed in monitoring
patient after chemotherapy, and compare the CEST contrast
obtained by normal and tumor tissue.

The use of 2-DG and FDG CEST in studies of cancer in laboratory
animals seems to be straightforward and has a great promise to
become a standard tool for experimental cancer research. As for
human clinical use, glucoCEST could have the advantage of admin-
istration of glucose instead of 2-DG or FDG. However the low
values®**” and the short duration of glucoCEST enhancements must
be a serious obstacle for its potential future clinical application. The
use of 2-DG in human clinical diagnosis seems possible in view of the
past and ongoing clinical trials for its therapeutic usage, either as a
single agent or in combination with other therapeutic modalities®.
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Figure 7 | CEST MRI kinetic measurements in the tumor at different times following injection of D-glucose, 1.5 g/kg. The upper left image is T,
weighted image that identifies the location of the tumor prior to administration of D-glucose. The marked ROI was used for the %CEST calculation.
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For example, there are reports of a phase I/II trial with 2-DG alone in
patients with castrate-resistant prostate cancer’, or phase I trial of 2-
DG alone or combined with docetaxel in patients with advanced
solid tumors™. In clinical trials that used 2-DG to improve the effi-
cacy of radiotherapy, 200-300 mg 2-DG per kg body weight were
orally administered after overnight fasting, with either minor or no
side effects™.

We expect that the developed novel imaging modality will enable
early detection of tumors, tumor response to therapy, and tumors
metabolism noninvasively by using MRI, without the need for radio-
labeled isotopes. This novel imaging modality will also shed a new
light on tumor basal metabolism, expression of tumor markers and
the metabolic alteration induced by constitutive activation of onco-
genes in tumor development.

Methods

1. Chemicals and Media: 2-DG and 2-DG-6P sodium salt were obtained from
Sigma-Aldrich, Israel; FDG was obtained from Carbosynth Limited, UK.

2. Cells: DA3-D1-DMBA-3 is a cell line derived from a poorly differentiated
mammary adenocarcinoma induced in BALB/C mice by dimethylbenzanthra-
cene™”.

3. Animals: BALB/C female mice were purchased and kept in the breeding
facility of the Sackler School of Medicine, Tel Aviv University. To induce
orthotropic tumors in mice, DA3 cells were injected into the lower left mam-
mary gland of 8 week old (17-22 gr) female BALB/c mice (5 X 10° cells in
100 pL saline).

All experiments with animal models were done in compliance with the prin-
ciples of the National Research Council (NRC) and were approved by the
institutional animal care and use committee (IACUC) (#M-12-035).

4. Preparation of Tumor Extracts: The tumors were surgically excised and
weighed quickly and immediately immersed in liquid nitrogen. The frozen
tumors were homogenized using a tissue homogenizer with 0.4 ml of 5.5 M
precooled (—10°) perchloric acid to every 0.1 gr of tumor. Samples were
centrifuged at 3500 X gand —4°C for 20 min and the pH of the supernatant
was adjusted to pH = 6.5-7 with RbOH (50%) in an ice water bath. The
precipitated rubidium perchlorate was removed by a second centrifugation
at 6000 X g and —4°C for 12 min. The choice of RbOH instead of the com-
monly used KOH was because of the lower solubility of RbClO, relative to the
potassium analog and its larger density which assist in its separation by cent-
rifugation. The supernatant was passed through Chelex chelating ion exchange
resin (pH = 7.0) in order to eliminate paramagnetic impurities and the pH was
adjusted to 6.5-7. The samples were frozen at —20°C, and lyophilized to
dryness for 24 hr. Each supernatant was dissolved in 0.5 ml D,O (99.98%,
Biolab, Israel) and inserted into 5 mm tube for '°F and '"H NMR.

5. NMR Spectroscopy: '"H NMR Spectra were recorded at 500 MHz in 5 mm
tubes on a Bruker 500 MHz DRX with the following parameters: spectral
width 7500 Hz, pulse width 5.5 us (corresponding to a 45° flip angle); data
size 16 K; relaxation delay 7 s; number of scans = 16. '’F NMR spectra were
recorded at 470.5 MHz in 5 mm tubes using a 500 MHz AVANCE3.
Acquisition parameters were as follows (for the perchloric acid extracts): spec-
tral width 9.5 KHz, data size 32 K, pulse width 3.2 us (30° flip angle); relaxa-
tion delay 1 s; number of scans = 60,000.

6. CEST NMR experiments were performed by applying a long off-resonance
presaturation pulse before acquisition. A series of frequencies (Q) were used in
the range of —3.5to +3.5 ppm relative to the water signal. Several B; powers in
the range of 1-6 puT (~50-250 Hz) and durations of 2 s were used. The
chemical exchange contrast was measured by magnetization transfer asym-
metry, MTRasym:

MTReym (Q) = [Mcgsr( — Q) — Mcesr ()] /Mcesr (—Q)

7. CEST MRI experiments were performed on a Bruker 7 T Biospec scanner with
30 cm bore size on implanted xenograph mammary tumors of mice before and
following the injection of the glucose analogs 2-DG or FDG. DA3 tumor
bearing mice that were allowed to grow for 10-14 days, with an average tumor
volume of 5 mm® were scanned. The mice were anesthetized using isoflurane
(1-2%) or by injection of ketamine-xylazine (191 mg/kg and 4.25 mg/kg,
respectively) and scanned with surface coil. Their temperature was monitored
and maintained at 37°C. The injection of the contrast medium, 2-DG or FDG
(in saline, pH = 7.4) was performed through the tail vein.

The in vivo CEST. Images were generated as follows: a series of gradient-echo images
were collected from a single 1 mm axial slice of (acquisition matrix 128 X 64, field of
view 0of 40 X 40 mm?) after 1.2 s presaturation pulse of 2.5 pT (106 Hz) at =1.2 ppm
from the water signal. In the initial experiments the WASSR method* (with 0.5 pT
pulse amplitude and offset frequencies within +0.05 ppm steps) was used in order to

correct for possible By shifts. The script for the WASSR in MATLAB was obtained
from the F.M. Kirby Research Center. However since the results with and without the
WASSR correction were identical the correction was not used in further experiments.

For the MTRasym plot we used the mean intensities within the selected region of
interest (ROI) within the tumor.
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