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Metabolic Tumor Imaging with Rapidly Signal-Enhanced

1-"*C-Pyruvate-d,
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The metabolism of malignant cells differs significantly from that
of healthy cells and thus, it is possible to perform metabolic
imaging to reveal not only the exact location of a tumor, but
also intratumoral areas of high metabolic activity. Herein, we
demonstrate the feasibility of metabolic tumor imaging using
signal-enhanced 1-"*C-pyruvate-d;, which is rapidly enhanced
via para-hydrogen, and thus, the signal is amplified by several

Introduction

Based upon the principle of nuclear magnetic resonance (NMR),
magnetic resonance imaging (MRI) is a powerful imaging tool in
clinical applications and medical diagnoses.”’ Although MRI is
used widely, it has relatively low sensitivity. To overcome this
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orders of magnitudes in less than a minute. Using as a model,
human melanoma xenografts injected with signal-enhanced
1-C-pyruvate-d3, we show that the conversion of pyruvate
into lactate can be monitored along with its kinetics, which
could pave the way for rapidly detecting and monitoring
changes in tumor metabolism.

limitation, signal enhancement - or hyperpolarization - strat-
egies have been introduced,”™¥ which allow for boosting NMR
signals by over 10000-fold compared to the normal, thermally
polarized signal.” To investigate metabolism, the enhancement
of C-enriched metabolites is particularly valuable because the
hyperpolarized state can typically be tracked for 2-3 minutes.”!
Regarding cancer imaging, the main and major focus over the
past years has been the use of “C-enriched pyruvate.”” This
has been pursued exclusively with dissolution dynamic nuclear
polarization (dDNP) and recently been applied to and used in
clinical studies.””” However, dDNP is a rather slow approach that
requires tens of minutes to an hour to produce a dose of signal-
enhanced pyruvate as the contrast agent.?? Thereby, the
molecule of interest, e.g. *C-pyruvate, is cooled, together with
radicals, to temperatures below 2 K using liquid helium and
irradiation with microwaves. After the respective time, the
contrast agent solution is rapidly thawed and used for studies.
These rather long procedures can be a significant translational
burden for application and use in preclinical studies and clinical
studies of large patient cohorts.

A rapid method, with promise to solve the challenges of the
state-of-the-art technology for metabolic imaging, are para-
hydrogen-based hyperpolarization approaches. With these, the
singlet spin order of para-hydrogen is used in a rapid reaction
(seconds) to obtain hyperpolarized signals. There are two
approaches to using para-hydrogen: 1) Para-Hydrogen Induced
Polarization (PHIP) in which an unsaturated bond is
hydrogenated’®>” and 2) Signal Amplification by Reversible
Exchange (SABRE) wherein a substrate is hyperpolarized via a
temporarily stable complex comprising a catalyst and para-
hydrogen.®®*¥ |n the case of SABRE, the structure of the signal-
enhanced metabolite is not altered and pyruvate can be
enhanced. However, thus far, SABRE is limited to organic
solvents and has not been used yet to conduct biological
experiments.”¥ The idea to use PHIP for biomedical studies has
been around since the early 2000s, but because of the lack of
metabolically active compounds that can be reacted with para-
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hydrogen, it has mainly been used for angiography
experiments."™?” Given the development of catalysts, which
allows trans-hydrogenation reactions, it has recently become
possible to enhance the molecule fumarate and to conduct
metabolic imaging experiments in animals such as mouse.?*?"
To obtain a substantial amount of metabolites in a biocompat-
ible solution, the PHIP-SAH (PHIP by means of Side Arm
Hydrogenation) approach was developed.”' Introduced in
2015, it requires a suitable precursor of a metabolite that is
hydrogenated with para-hydrogen, followed by a subsequent
spin order transfer (SOT) of the hydrogen spin order to a ">C
spin of interest in the metabolite.”™ Although cleavage of the
metabolite yields the signal-enhanced metabolites, polarization
in the context of the first studies was relatively low (single digit
percentages) and thus lagged an order of magnitude behind
dDNP.*! However, in vivo studies of models of heart disease
showed that this approach can be used to enhance the
pyruvate signal and to monitor metabolism in living mice.*?
Thus far, pulsed magnetic resonance approaches have proven
to yield the highest levels of signal-enhancement with PHIP-
SAH.?531 We have recently introduced the MINERVA protocol
(Maximizing Insensitive Nuclear Enhancement Reached Via
para-hydrogen Amplification) to maximize obtainable signal
enhancement and demonstrated that large levels of *C polar-
ization similar to dDNP can be achieved (60% 1-">C-ethyl
pyruvate-ds polarization on the precursor and 28% of 1-°C-
pyruvate-d; in solution).®**”! The entire MINERVA protocol
includes an optimized metabolic precursor, a pulsed NMR
experiment and purification as depicted in Figure 1. The
approach was first tested by us in cellular models for
Parkinson’s disease and evidence was provided that pyruvate-d,
can serve as a biomarker for the neurodegenerative disease.®?

In this communication we show that pyruvate-d; rapidly
signal enhanced via para-hydrogen in large concentrations
(50 mM) can be used for metabolic tumor imaging. In particular,
we show in melanoma mouse models that pyruvate-d; is
converted into lactate specifically in tumors and that a
metabolic map of the tumor can be obtained. Moreover, we
show that the flux of the pyruvate-lactate conversion can be
monitored which could act as a relevant parameter to monitor
future treatments.” Overall, the development, described here,
represent a first step towards the clinical applicability of a fast
hyperpolarization approach.

Results and Discussion

To establish the enhancement level that can be obtained for
1-*C pyruvate, we have used the pulse sequence with the
respective timings displayed in Figure 2A and quantified polar-
ization of 50 mM precursor (2B) and of pyruvate at the site after
injection (2 C). The latter thereby represents the polarization
that enters into the bloodstream with an injection volume of
70 uL. To this end, 50 mM vinyl pyruvate-d; and 13 mM
commercially available catalyst ([1,4-
Bis(diphenylphosphino)butane](1,5-cyclooctadiene) rhodium(l)
tetrafluoroborate) were dissolved in acetone-dg and 0.2 mL
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Figure 1. Procedure to rapidly enhance "*C-pyruvate for metabolic tumor
imaging.

transferred to a 5 mm NMR tube. The samples were degassed
by bubbling N, gas for 1 minute and transferred into the bore
of the magnet. Para-hydrogen was supplied to the solution for
20s at a pressure of 7 bar at a temperature of 330 K. After
hydrogenation and a settling time of the solution of 15, the
1-"*C-carbon was hyperpolarized via the MINERVA sequence as
displayed in Figure 2A. At this stage, the polarization of the
precursor can be measured as in Figure 2B, and for three
samples, an average polarization of 53 +2 % was obtained.

We performed three separate experiments, which encom-
passed the procedure of hyperpolarizing, and purifying and
detecting the signal enhancement following injection through a
catheter into the imaging system. After the MINERVA transfer, a
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image size of 140x 100 mm? were used. Fifty sections/images,
A with a slice thickness of 1.7 mm, were captured along the
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Figure 2. A) MINERVA pulse sequence for the SOT. The delays were
calculated using the coupling values J;=3.06 Hz and J,,=7.1 Hz. A
constant z-gradient of 0.2 G/cm during para-hydrogen supply and 0.04 %
during the pulse sequence as well as *H decoupling were used. Black bars:
90° pulses, white bars: 180° pulses. B) Overlay of the hyperpolarized
spectrum (single scan) of vinyl pyruvate (red) immediately after the pulse
sequence and the thermal spectrum of the same sample (black) with

100 averages and scaled up by a factor of 100. The average "C polarization
is 534 /—2% (standard deviation). C) Overlay of the hyperpolarized pyruvate
after injection into the imaging magnet (red), acquired with an 18° pulse in
one scan and the thermal spectrum of the same sample (black). The thermal
spectrum was acquired after addition of 5 mM Gadobutrol, which reduced
the T, to below 1 s, using a pulse acquire sequence with 'H-decoupling and
500 scans with 90° pulses.

last 90° pulse returned the polarization into z-axis. Cleavage of
the side arm was performed using 0.075 mL of 150 mM Na,CO,
in H,0. For mixing, gaseous N, was guided through the solution
for 2s and after a settling time of 0.5s, the acetone was
evaporated by vacuum pumping for 10 s at 323 K in a heated
water bath outside of the magnet, where the catalyst precip-
itates. Following evaporation, the pH was adjusted to physio-
logical conditions ~7.4 using 0.075 mL 100 mM HEPES with a
pH ~3. The remaining solution was drawn from the NMR tube
into a syringe through a filter with a pore size of 1.2 um and
thereafter, transferred immediately to the imaging magnet.
During this transfer, the syringe was attached to a magnetic
plate to reduce relaxation losses. The obtained average polar-
ization was 12 +4% (Figure 2C) for an injection volume of 70 puL
into an NMR tube. The entire procedure, i.e. after the precursor
is hyperpolarized and until the contrast agents was injected,
took 67 seconds. Given a T, of 1-"*C-pyruvate-d; of 59s (see
Figure S1), the polarization losses can be attributed mainly to
relaxation effects.

Following establishment of this procedure, we used it to
investigate, in vivo, subcutaneous human melanoma xenografts
above the flanks in Balb/c nu/nu mice (n=3). To ensure correct
positioning of each animal and with reference to anatomical
details, a high-resolution proton image was taken first. For this,
a FISP sequence with a field of view of 42x30 mm? and an
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coronal plane. First, we analyzed the conversion kinetics of
hyperpolarized pyruvate in the tumor-bearing mice. For this, we
conducted spectroscopic experiments with low-flip angle
excitations to obtain the pyruvate-to-lactate conversion rates.
Fifteen seconds after the injection, a train of 18° flip angle
pulses was initiated and a spectrum acquired every 4 seconds.
A spectrum, depicted in Figure 3, shows that the tumor cells
rapidly take up the injected pyruvate. As previously reported in
the scientific literature, changes in the slopes of the curves are
an indicator of treatments and thus, the obtained pyruvate to
lactate conversion rate kPL=0.068+/—0.008 1/s is a valuable
parameter.” Details on how the parameter was obtained are
described in the SI supplement. We would like to note that
although derivatization of pyruvate can happen easily, leading
to different impurities that can be misguiding for the peak
assignment, the chemical shift value of the peak at 176.5 ppm
however indicates the formation of alanine.”

In separate experiments, *C MRSI (magnetic resonance
spectroscopic imaging) of the melanoma tumor-bearing mice
were acquired using an EPSI (echo planar spectroscopic
imaging) sequence, again with coronal slice orientation. To
ensure that the injection was successful, a spectrum with 10°
flip angle was acquired before taking the EPSI (Figure 4A). For
the EPSI, an excitation pulse with a 22° flip angle, an echo time
of 2.58 ms, and a repetition time of 100 ms were used. The
thickness of the slice was chosen to be 30 mm, the image size
14%x10 mm?, and a field of view of 42x30 mm? to obtain a
resolution of 3x3 mm?” The spectra were acquired with the
offset at 173 ppm, a spectral range of 47.9 ppm, and 100 spec-
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Figure 3. *C NMR spectra upon injection of hyperpolarized 1-*C-pyruvate-d,
into a mouse. The pyruvate signal is visible at 170.9 ppm, the alanine signal
at 176.5 ppm, and the lactate signal at 183.1 ppm. Between the lactate and
the alanine signal, a pyruvate-hydrate peak is detected at 179.2 ppm.
Acquisition was started after 15 s, and the spectra were recorded with

18° pulses 4 s after one another. Intensities were normalized to the highest
signal. The conversion rate kPL=0.0684/—0.008 1/s.
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A Pyruvate metabolic imaging of tumors such as human melanoma, which
N is the most aggressive type of skin cancer. Specifically, using
L spectroscopic imaging and magnetic resonance spectroscopy,
actats‘ we show that signal-enhanced 1-"C pyruvate-d; can be used to
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N
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Figure 4. A) Single scan "C spectrum acquired with a 10° pulse 10 seconds
after the injection of hyperpolarized pyruvate. B) Anatomical 'H image with
the tumor region indicated in read. C) °C pyruvate image and D) lactate
image in the tumor region. The image is acquired 20 seconds after the
injection. Only data points with SNR> 3 are shown. E) Human melanoma-
xenograft tissue section stained with H&E. F) Human melanoma-xenograft
tissue section probed with a human melanoma cell marker antibody cocktail
to MART-1, tyrosinase, gp100 (pseudocolored yellow) and counterstained
with fluorescent DAPI (pseudocolored blue).

tral points leading to a spectral resolution of 0.47 ppm. The
images of the tumor- bearing mice are shown in Figures 4B, 4 C
and 4D. Images were captured 20 seconds after injection.
According to kinetic experiments, a maximum in lactate was
observed after 20 seconds. The proton image (Figure 4b) shows
the location of the tumors and a spectroscopic image of
pyruvate (Figure 4C) and lactate (Figure 4D) the metabolic
activity of the tumors. Shown in Figure 4E is a tissue section of
the tumors stained with hematoxylin and eosin (H&E) and in
Figure 4F, a tissue section of the tumors that was probed with
an anti-human antibody cocktail to the three melanoma cell
markers MART-1, tyrosinase, gp100 and counterstained with
fluorescent DAPI.

Conclusion

In summary, using our rapid signal-enhancement approach
with para-hydrogen, we have demonstrated its capacity for

ChemPhysChem 2022, e202200615 (4 of 6)

monitor the metabolism in tumors and to record the conversion
kinetics over time. To improve the polarization procedure,
automation of the process and construction of sophisticated
reactors would now be needed. As we have shown, polarization
losses are almost exclusively attributable to T, relaxation, hence
a reduction of the purification and transportation time to e.g.
only 30 seconds, i.e. half of T, of *C-pyruvate-d3, could result in
an overall "*C polarization of 32% based on our reported initial
polarization. In addition, we expect that an optimization of the
hydrogenation procedure itself can result in even higher
degrees of signal enhancement. Based upon our experimental
approach and the data shown here, we believe that future
investigations using this rapid approach can now be conducted
to study tumors and other diseases. The rapid approach with
para-hydrogen is attractive because invivo studies can be
conducted quickly with a promising approach of quasi-continu-
ous contrast agent delivery and devices for polarization can
also be implemented in already existing scanners for enhancing
metabolites.”*" It can also be envisioned that in the future,
tumor diagnostics in the clinic can be conducted, which will
require upscaling of the devices to enhance signals of
metabolic contrast agents and efforts to obtain regulatory
approval. With respect to clinical translation it should be of
note that the overall pyruvate concentration circulating through
the blood stream of the mouse and assuming equal distribution
is about 2 mM which is similar to estimated values in clinical
trials using DNP."? We therefore expect that upon upscaling of
the process, a high chance to demonstrate successful patient
studies is given.

Experimental Section

Materials and Instruments

All chemicals were purchased from commercial suppliers. The
hyperpolarization as well as the transfer experiments were carried
out in a Bruker ultrashield 300 MHz (7.05T) spectrometer. The
in vivo experiments were carried out in a Bruker ultrashield
300 MHz (7.05T) spectrometer (wide bore) equipped with a
MicWBA40 rf probe and Micro 2.5 WB gradient system. Para-enriched
hydrogen was obtained at 20 K with a He-cooled para-hydrogen
generator provided by a Cryocooler system (Sumimoto HC-4A
helium compressor, Sumimoto Cold Head CH-204 with ph2 reaction
chamber by ColdEdge Technologies, temperature controller Lake
Shore Cryotronics, Inc.) and delivered by a home-built valve and
tubing system.

Animal Housing

Animals used in this study were housed in a Zentrale Tierexper-
imentelle Einrichtung (ZTE) of the Universitatsmedizin Gottingen
(UMG) Gottingen (Lower Saxony, Germany) under standard labo-
ratory conditions in a 12 h light cycle with food and water available
ad libitum.

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Human Melanoma Xenografts

Carried out under approved Niedersachsisches Landesamt fiir
Verbraucherschutz und Lebensmittelsicherheit (LAVES) protocol
(20/3563), the metastatic human melanoma cells WM983-B,
suspended in 0.1 ml sterile phosphate-buffered saline, were
injected subcutaneously over the right as well as the left flank of 4-
5 weeks old female nude mice (CAnN.Cg-Foxn1nu/Crl) (Charles
River Laboratories Charles River GmbH & Co. KG, Sulzfeld, Germany).
When the tumors had reached a size of 5 mm in any direction, the
animals were anaesthetized and scanned by MRI.

Narcosis and Monitoring

For initial narcosis, a solution consisting of 4 ml 0,9% sterile NaCl
solution (B.Braun, Melsungen, Germany) 0,4 ml Medetomidine
(1 mg/ml; Zoetis Deutschland GmbH, Berlin, Germany) and 0,6 ml
Ketamine (50 mg/ml; Inresa Arzneimittel GmbH, Freiburg, Germany)
was prepared. Animals were weighed, followed by intraperitoneal
(i.p.) injection of 5 ul narcosis solution per gram body weight. After
ensuring that the animal was anaesthetized, a catheter was placed
into its lateral tail vein. During the time the animal remained in the
NMR machine, narcosis was maintained using Isoflurane (Baxter
Deutschland GmbH, Heidelberg), which was administered via a
breathing mask with a Multi Delivery System (Rothacher Medical
GmbH, Heitenried, Switzerland). Breathing and temperature were
monitored during the procedure using a Model 1030 MR-compat-
ible Small Animal Monitoring and Gating System (SA Instruments
Inc. New York, USA). The isoflurane level was adjusted (between
0.5 & 1.5%) every five minutes to keep the breathing frequency of
the animals between 80 and 140 Hz.

Immunohistochemistry

Following monitoring, the mice were sacrificed and the tumors
resected and cryopreserved. Five-um tissue sections, prepared from
the human melanoma xenografts, were fixed with 4% PFA in PBS,
treated with a 1X solution of TrueBlack lipofuscin autofluorescence
quencher (Biotium), blocked with 10% goat serum in PBS and
probed with a mouse anti-human antibody cocktail to the three
melanoma cell markers MART-1, tyrosinase, gp100 (Novus Bio-
logicals). Thereafter, the tissue sections were probed with a goat
anti-mouse DyLight 755 secondary antibody (Novus Biologicals),
counterstained with fluorescent DAPI, followed by addition of
Fluoromount-G mounting medium. In addition, a five-um tumor
xenograft tissue section was stained with hematoxylin and eosin
(H&E) and mounted with Entellan (Merck). Images of the tissue
sections were acquired with a 20x/0.80 air objective on a SLIDEVIEW
VS200 research slide scanner (Evident) and thereafter, processed
with OlyVIA-Software (Evident).
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