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Main
Introduction

A core feature of CEST imaging is the capability of amplifying the signal from low-
concentration diamagnetic compounds through their interactions with water, thus enabling their
detection at higher spatial resolution than conventional spectroscopic methods. Additionally, this
signal amplification is based on continuous transfer of saturation between protons in specific
molecules and water protons, achieved by simply adding a frequency-selective presaturation pulse
to an imaging sequence. This allows CEST imaging to be performed on standard clinical MRI
scanners without hardware modifications. For CEST MRI to become a widely used technology
within radiology departments, a major need is to identify which compounds can be detected in the
tissues of interest. Most CEST applications focus on endogenous molecules that can be found in the
human body or chemical substances that can be administrated externally to generate exogenous
CEST contrast. In general, CEST agents can be divided into two groups based on their chemical
shift: paramagnetic CEST agents (paraCEST), which contain metallic ions that induce large
chemical shifts, and diamagnetic chemical CEST agents (diaCEST) with exchangeable protons, i.e.
-OH, -NH>, -NH, which are either naturally occurring compounds or synthetic contrast agents with
chemical shifts within 12 ppm from water resonance. Because of their excellent biocompatibility
and biodegradability, a number of diaCEST agents and their potential applications have been

widely investigated and reported in multiple preclinical and clinical studies. As a result, the list of



diaCEST probes that could potentially be used in clinical settings has grown tremendously since the
seminal works of Balaban, van Zijl and colleagues !*°, and our previous diaCEST agent review ’.
The purpose of this review is to provide an updated overview of the various types of diamagnetic
compounds suitable for molecular imaging in the context of their suitability for clinical CEST MRI
applications. We do not extensively discuss endogenous CEST agents, which have been
summarized as key ones will be described by others in this NMR in Biomedicine issue, instead we
focus on exogenous diaCEST probes, which are particularly promising candidates for clinical

translation because of their safety profiles and potential to highlight a wide range of pathologies.

1. Small molecules
1.1 Sugars
Glucose is a key marker of the dysregulated metabolism in solid tumors. Consequently, imaging-
based approaches that allow to detect the increased glucose uptake in cancer cells are needed for
improving cancer diagnosis. The FDG-PET technique relies on the use of radiolabeled glucose and
nowadays is considered the gold standard for assessing the upregulated glucose metabolism in tumors.
However, ionizing radiations and limited availability of PET scanners have prompted the quest for
alternatives to the radiolabeled glucose. Recently, the CEST technique has been proposed for
detecting a variety of exogenously administered, unlabeled glucose and glucose analogues

(glucoCEST) 310,

D-glucose was firstly investigated as potential alternative to FDG owing to its molecular structure
possessing a large number of hydroxylic mobile protons and a high safety profile (Fig. 1a). In vivo
studies on two human breast cancer murine models (MDA-MB-231 and MCF-7) demonstrated the
detectability of this molecule within the MRI-CEST technique and showed the capability to
discriminate between different tumor phenotypes based on the differences of the measured
glucoCEST contrast '°. Similar results were observed by Walker-Samuel and coworkers, on two
subcutaneous human colorectal tumour mouse models (LS174T and SW1222 cancer cells) with
the glucoCEST contrast that correlated well with the FDG-PET findings. In addition, this study
highlighted that the measured glucoCEST contrast might not only report on cellular uptake and
metabolic activity but also on the vascular delivery of glucose, thus increasing the complexity of the
origin of the observed contrast °. Studies are ongoing to shed light on the source of the observed
glucoCEST contrast (Fig. 1b). To date, only one study by Capozza and coworkers compared the
glucoCEST contrast to the FDG-PET technique to monitor response to therapy, in this study, they
monitored changes in metabolism in a breast cancer murine model treated with two different therapies.

The findings demonstrated that the glucoCEST technique is more sensitive to monitor the therapeutic



effect following Doxorubicin administration, with a marked decrease of the glucoCEST contrast that
was associated to a reduction of the tumor growth, whereas the FDG-PET is not able to report on any

difference (Fig. 1c). '
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Figure 1. a) Z-spectra (left) and MTRasym (right) as a function of concentration at pH 7.3 for B1=1.6
UT. b) Left: GlucoCEST difference map: AMTRasym = MTRasym(Infusion)—=MTRasym(Pre-infusion). The
intensity of the internal body was thresholded out because it contains moving areas (lungs and
heart) that have large magnetic susceptibility differences with surrounding tissues, which
complicates difference imaging. Tright: the AMTRasym profiles of MDA-MB-231 and MCF-7.
[Reprinted from 23074027] c) Top: representative glucoCEST AST% maps of 4T1 tumor—bearing
mice, before and after treatment. Data are reported as the difference (AST%) between the ST
effect before and after the intravenous glucose injection. Parametric maps are overimposed to Taw
anatomical images and glucoCEST contrast is shown only in the tumor region. Bottom: graph
showing individual GlucoCEST contrast (and mean + SD) obtained injecting glucose at 3 g/kg dose
via intravenous bolus (n = 6 mice). Data are reported as the variation (AST%) between the ST effect

post-injection minus the ST effect pre-injection. Paired t-test *p = 0.0216. [Reprinted from?!]

In contrast to the radiolabeled FDG molecule, D-glucose can be metabolized, therefore analogues of
this molecule have been investigated as non-metabolizable alternatives. Rivlin et al. considered the
3-O-Methyl-D-glucose (30MGQG), a synthetic nontoxic and nonmetabolizable derivative of glucose.
Since the 30MG uptake and entrapment inside the cancer cells is comparable to that of the FDG
molecule, they observed a marked and prolonged glucoCEST contrast in several murine tumor
models 2. However, when native D-glucose and 30MG were compared side by side under the same

experimental conditions, administered doses and on the same tumor model, they provided similar



glucoCEST contrast, even with their different metabolic fates '°. Another sugar, xylose, can maintain
high concentration in tissues because of its slow metabolism. Furthermore it is able to pass through
the BBB (blood-brain barrier). Wang and coworkers demonstrated in vivo the glucoCEST contrast
efficiency of xylose upon bolus injection in rat brain 4. Another non-metabolizable glucose derivative.
2-DG@G, was detected in the brain of healthy rats, although the lower safety profile of this molecule

poses some challenges for the high doses requested by the CEST technique '3

. Maltitol, a non-
metabolizable sugar was investigated in vivo demonstrating a moderate accumulation and
glucoCEST contrast in the extracellular space of rat gliomas '®. Myo-inositol is another sugar which

has displayed promise as well !”.

1.2 Amino acids and creatine
Amino acids are key building blocks for proteins and are actors in various processes including
skeletal muscle function, atrophy and tumor growth. Amino acids also play key roles in cell
signaling, cell homeostasis, gene expression and a number of important pathways. So amino acid
detection could reveal quite a bit about pathology. There are a number of labile protons on the 20
natural amino acids which might be exploitable for CEST studies. Their detection was envisioned in
the earlier works of Balaban and colleagues *, however more recently investigators have focused on
glutamate, arginine, and alanine which are well detected and can be also present at mM
concentrations in tissue'®?!. For example, it was discovered that glutamate possessed amine protons
which are relatively slow compared to other amino acids enabling Glutamate CEST (GluCEST)
detection after infusion 2°. This probe is present at mM concentrations in the brain, allowing the use
of GluCEST for detecting elevated concentrations in the striatum and motor cortex in a mouse
model of parkinson’s disease *%. This probe may also hold promise for epilepsy and other

pathologies?® %4

, and is the subject of a review later in this issue. Alanine is also present at mM
concentrations in tissue and has suitable exchange rates for detection as well '®2°. Arginine
possesses guanidyl amine protons which are well suited for detection, and this agent has been used
for a few different types of contrast applications. For example, pH sensors were built around
arginine into hydrogels suitable for transplantation of cells to monitor their location and their

126

survival “°. Creatine is synthesized from the amino acids glycine and arginine and also possesses

guanidyl protons well suited for detection and present at high concentrations in skeletal muscle

2731 1t is also a common nutritional

along with its phosphorylated derivative phosphocreatine
supplement that can be detected after administration 32, Further discussion of this agent can be

found in a later review in this issue as well.



1.3 Porphyrin metabolites
Porphyrin biosynthesis is an important pathway that is involved in a number of biological processes
including angiogenesis. As the porphyrins are also one of the most aromatic compounds produced by
the body with large ring currents, it was expected that these could also possess excellent CEST
properties as well. The inner ring NH protons are labile and can be tuned to maximize CEST contrast
depending on the substitution of the porphyrin ring as we have shown recently **. These are highly
upfield shifted, resonating at ~16 ppm higher field than NH resonances on lysine rich peptides with
these unusual shifts due to the effect of "ring currents" formed by the precession of 18 m-electrons in
the porphyrin ring. A series of natural porphyrins and a few artificial porphyrins were tested with the
substitution of the porphyrin ring impacting the exchange properties quite substantially. Other
artificial porphyrins appear promising as well **. Porphyrins might present unique challenges for in
vivo imaging studies as they tend to ligate metals at their axial site and self-aggregate. However, they
might also present unique opportunities for medical applications such as combining MRI with optical

image-guidance of surgeries **> and photodynamic therapies *® which employ similar compounds.

1.4 Pharmaceutical excipients
Pharmaceutical excipients should be molecules endowed with high or very high safety profiles,
making these interesting prospects based on the high concentrations often needed by CEST agents
for in vivo detection. Longo and coworkers performed in vivo experiments on murine breast (TS/A)
and melanoma (B16) tumor models on a wide range of excipients, with meglumine, N-acetyl

glucosamine and ascorbic acid yielding the highest CEST contrast enhancement 3’

2. Macromolecules and superstructures
2.1 Dextran and Glycogen
Small molecules possess few mobile protons in exchange with water, therefore, their efficiency in
generating a CEST contrast is a limiting factor. To overcome this limitation, several strategies have
been pursued by exploiting or macromolecular agents possessing a larger number of mobile protons

or nanosized systems endowed with water molecules entrapped inside the liposomes’ cavity. Several

38, 39 40, 41
2

polysaccharides have been exploited as diaCEST agents, including dextran , glycogen
starch*?, and other sugar-based polymers*’. Like monosaccharides such as glucose, polysaccharides
also have a strong CEST signal at around 1 ppm, attributed to hydroxyl protons. The advantage of
polymeric CEST agents is their much-enhanced sensitivity compared to small molecular agents. Our
group has extensively developed dextran as CEST agents. Dextran is considered as an ideal polymeric

CEST agent because dextrans are biologically inert and have been used in the clinic for many decades.



Dextrans are also available at different sizes, permitting them to be used in different biomedical
applications. For example, intravenously administrated large dextrans (e.g., 150 kDa) are restricted
in the blood circulation and can be exploited as intravascular agents **. In contrast, dextrans of smaller
size are more suitable as an imaging moiety to construct targeted CEST MRI agents because they are
easier to permeate to the tumor parenchyma 3% #°. Another good example is the dextran-based PSMA
receptor imaging that we have developed and demonstrated in experimental prostate tumors (Fig. 2)*°.
A pM detectability was accomplished for detecting c.a. 5x10° PSMA receptors per tumor cell, which

is almost impossible for small molecular MRI agents.
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Figure 2. Changes in the dynamic CEST signal in PSMA(+) and PSMA(-) tumors. a) T2-weighted image and dynamic CEST
maps at 1 ppm after the injection of 375 mg/kg urea-10KD-dextran (injection volume =100 pL). b) Mean changes in the CEST
signal in PSMA(+) and PSMA(-) tumors in one of the mice for which time dependence was measured. CEST signal enhancement
was quantified by AMTRasym = MTRasym(t)- MTRasym(t=0), where the error bars are the standard errors of the CEST signal of all the
pixels in each tumor. All CEST images were acquired using a 1.8 pT and 3-second-long CW pulse. ¢) Average CEST signal in the
tumor for five mice before (blue) and one hour after (red) the injection of urea-Dex10. The signal difference is shown in black. Error
bars are standard deviations of the CEST signal of all five tumors. d) Bar plots showing the mean changes in CEST signal as
quantified by AMTRasym (1 h) in each type of tumor (n =5 and 3 for urea-Dex10 and non-targeted Dex10, respectively). * : P<0.05
(Student's t-test, two-tailed and unpaired). e) In vivo fluorescence image of a representative mouse showing a distinctive tumor
uptake of urea-Dex10 at 60 minutes after injection. f) Sections of PSMA(+) PC3-PIP (top) and PSMA(-) PC3-flu (bottom)
ttumorsstained with anti-PSMA. Images were acquired at 40x magnification. g) Fluorescence microscopy of nuclei (blue, stained
with DAPI) dextran (red, NIR-600-labeled). Scale bar= 500 um for the left three panels and 100 pm for the most right panels, which
are the zoomed view of the area enclosed in the dashed green box in the image on the left. On the right, a scatter plot shows the

comparison of the normalized mean fluorescence intensity of three different fields of view in the tumors. Reproduced from 3°.

Of note, recent studies have shown that the relayed Overhauser effect (tNOE) effect may also be
utilized to detect polysaccharides such as glycogen by their macromolecule nature in addition to the

CEST signal at 1 ppm (OH protons). In particular, the saturation on glycogen aliphatic protons is



transferred to a neighboring hydroxyl proton and subsequently to water via proton chemical
exchange between glycogen hydroxyl protons and water.*"*¢ Such an approach enables

noninvasive mapping of glycogen using a more distinguishable, pH-insensitive CEST MRI signal.

To accelerate towards potential clinical translation, Consolino and collaborators have focused on the
FDA-approved plasma volume expanders as macromolecular CEST agents. Both dextran70 and
voluven showed in vivo a marked CEST contrast in a breast tumor murine model, with comparable

contrast enhancement properties to that observed with a blood-pool gadolinium-based contrast agent
4

2.2 Liposomes, Hydrogels
Another strategy is based on the encapsulation of high payloads of diaCEST agents into liposomes.
Our first attempt included encapsulating Poly-L-Lysine, L-arginine and glycogenand injecting these
into the footpad to watch lymphatic delivery of these into the popliteal lymph nodes of mice . We
have also developed a barbituric acid (BA) liposome (BAL) with CEST contrast at 5.0 ppm and have
tested this both for monitoring intravenous delivery to colon tumors *’ and vaginal distribution and
retention “. BA has also been dispersed in hydrogels with contrast at 5.0 ppm and -3.4 ppm which
are related to the amount of liposomal drug (BA) and to the amount of hydrogel following hydrogel
transplantation into the tumor area *°. To overcome the sensitivity limitations of the glucoCEST
approach, liposomes entrapped with glucose or 2DG have been investigated, too. The observed results

demonstrated that the encapsulation into the liposomes can lower the fast chemical exchange rate of

the hydroxylic protons and thus provide high glucoCEST contrast >°.

Supramolecular agents such as hydrogels, have been considered, too, thanks to the large number of
exchanging protons. Such macromolecular systems can be exploited to deliver anticancer drugs such
as Pemetrexed and to monitor their accumulation within the tumor, acting as a theranostic agent >'.
Hydrogels are also widely used as biological scaffolds to repair soft tissues after injuries, so the
hydrogels in vivo distribution, biodegradation and cell survival can be monitored over time by
looking to the CEST contrast, as demonstrated after implantation of hepatocytes into mice and
comparing with bioluminescence reporter gene expression 2 and also implanting these into the stroke

cavity in a rat model .

2.3  Polynucleotides, Poly Amino acids and Peptides



Some of the earliest work on CEST agents involved the identification of macromolecules which are
work well as CEST agents including the seminal work by van Zijl and colleagues °. The first of these
identified included the Poly amidoamine dendrimer and Poly-L-Lysine which possess amine and
amide protons well-tuned for detection between 3 to 3.5 ppm from water. More recently salicylate
based dendrimers have been prepared with superior chemical exchange properties **. Poly nucleotides
can also possess excellent properties for detection, depending on their nucleotide sequence °.
Furthermore, a wide range of peptide CEST agents have been designed at this point including the
Lysine Rich Protein >° and arginine rich and threonine rich peptides *°. Due to the outstanding promise

displayed by these agents, the many variations will be covered extensively by Gilad and others in

another review in this issue.

3. pH imaging agents
MRI is one of the primary means to measure tissue pH, and can be used to asses the intra- and/or
extracellular tissue pH °’. Proton exchange is particularly sensitive to the acid-base equilibrium, in
fact Balaban and co-workers reported CEST agents (shortly after his initial discovery) as pH sensors.
Both paramagnetic CEST (paraCEST) agents *3-** and diamagnetic CEST (diaCEST) %°-7? agents have
been reported as pH sensors. Multi-color detection is an important advantage of CEST agents for pH
imaging, as this allows use of ratiometric imaging to compensate for changes in agent concentration
85 In this section, we will go over two classes of diaCEST agent that have shown promise for

ratiometric pH mapping: the trilodobenzenes and the imidazoles.

3.1 Iodinated contrast media
Iodinated X-ray/CT contrast agents have been thoroughly investigated for CEST MRI due to their
larger shifted amide protons and to their very high safety profiles, even at high doses 7. In recent
years, several iodinated molecules, including iopamidol, iobitridol, iodixanol, iopromide and iohexol
have demonstrated excellent results in terms of MRI-CEST contrast efficiency and as pH responsive
contrast agents. In particular, the development of contrast agents able to report on tissue pH is of
clinical relevance, since several pathologies are associated with an altered acid-base balance,
including, ischemia, renal failure and cancer '*7”. The exploitation of iodinated contrast agents as
MRI-based contrast agents was firstly proposed by Aime and coworker as T2 exchange agents ’® and
then demonstrating interesting MRI-CEST properties in vitro with the use of iopamidol 7. A further
step was provided by Longo and coworkers by exploiting the two not-chemical equivalent amide
groups of Iopamidol for a concentration-independent ratiometric approach to provide pH

responsiveness in the physiological pH range and demonstrating in vivo the capability to obtain



highly spatially resolved pH maps in the murine kidneys at high magnetic field strengths (7T) . A
throughout characterization of the pH responsive properties of lopamidol was performed by Sun et
al. showing high accuracy in the pH range between 6.0 and 7.5 even at moderate high fields (4.7 T,
Fig. 3a) 8. Later on, Longo et al. demonstrated tumor extracellular pH mapping with the use of
Iopamidol 2. In addition, they proposed a novel approach for pH mapping even for molecules
endowed with only one exchanging proton, such as Iobitridol (a non-ionic, monomeric, low-osmolar
iodinated contrast medium), by exploiting the ratio of two different radiofrequency irradiation power
levels (Fig. 3b). This novel approach provided comparable pH values to those provided by iopamidol
in both tumor and renal pH images. In the same years, Pagel et al. showed that Iopromide, a low
osmolar, non-ionic iodinated contrast medium with a similar chemical structure to lopamidol, can be
exploited as a pH responsive contrast agent for mapping tissue pH, dubbing the approach acidoCEST
(Fig. 3¢) 3. The comparison of Iopromide and Iopamidol as pH responsive agents showed that
Iopromide can produce a pH measurement with a higher dynamic range, whereas iopamidol can

produce a more precise pH measurement, although the calculated pH values were not significantly

different 34,
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Figure 3. Comparison between Iopamidol, Iobitrol and Iopromide ratiometric pH MRI. a) Top: Iopamidol chemical structure.
Middle: Z-spectra for representative pH of 6, 7 and 8 (B1 =2.5 uT, TS = 5 s) at room temperature. Bottom: Ratiometric CEST analysis
is sensitive to pH ranging from 6 to 7.5. [Adapted from ®']. b) Top: Iobitridol chemical structure with a single amide proton group.
Middle: CEST spectra of 30 mM iobitridol solution at pH of 5.5 (solid line), 6.0 (dashed line), and 7.0 (dotted line). The reduction in
MRI signal from bulk water signal upon selective irradiation at 5.6 ppm is pH sensitive (RF saturation power =3 uT x 5s, T=310 K,



B, =7 T). Bottom: numerically solved pH-dependent chemical exchange rate for labile protons at 5.6 ppm. [Reprinted from #2] ¢) Top:
the chemical structure of iopromide. Middle: a CEST spectrum of 200 mM iopromide at pH 6.69 and 37.0°C with saturation applied
at 2 uT for 5 s. Bottom: a logio ratio of the two CEST effects is linearly correlated with pH from pH 6.3 to pH 7.2. [Reprinted from %]

Iodixanol, a dimeric iso-osmolar, non-ionic, iodinated radiocontrast agent was exploited by Arena
and collaborators showing another ratiometric approach for pH imaging without the need of two
different resonant frequencies or of a continuous-wave irradiation when using a double angle pulsed
saturation scheme . Recently, also Iohexol, another iodinated, non-ionic, low osmolar contrast agent
was investigated within the Spin-Lock approach as a competitive method for generating contrast in
comparison to the CEST one 6. Most of these contrast media have been compared in vivo upon
extravasation and accumulation in the extracellular space in tumors for their efficiency to generate
MRI-CEST contrast in respect to the CT attenuation properties. Overall, a comparable CEST contrast
was observed among all the investigated molecules with a strong and positive correlation between

CT and CEST-MRI derived contrast enhancement ¥’

Over the years, gadolinium has always been considered the gold standard in the MRI contrast
enhanced approach, although serious clinical issues have been identified including contraindicating

Gd-enhanced MRI for patients with poor kidney function due to risk of developing nephrogenic

88, 89 90-93

systemic fibrosis and Gd-contrast agents accumulate in several organs over many years
Iodinated contrast media are an alternative which has been investigated using the MRI-CEST
approach. In a recent study, Anemone et al. demonstrated similar pharmacokinetic profiles and
contrast enhancement properties between Gd-based and iodinated molecules, with T1-weighted or
CEST technique, respectively **. Interestingly, after intravenous injection, several iodinated agents
showed similar perfusion properties within a breast tumor murine model, with a marked correlation

in both contrast and spatial enhancement and spatial showed by iopamidol.

3.2 Imidazole pH agents
Heterocycles such as imidazole and its analogues can have highly shifted labile protons due to the
presence of pi electrons and a capacity for intramolecular hydrogen bonding. These chemical
features endow these compounds with NMR properties which are pH responsive. For instance,
certain N-alkylated imidazoles including 2-imidazole-1-yl-3-ethoxy-carbonyl propionic acid (IEPA)
and 2-imidazole-1-yl-succinic acid (ISUCA) have been found to be important MRS pH sensing
agents owing to the chemical shift of the C-2 proton ° %. We investigated various imidazole
analogues and compared their N-H exchangeable protons for pH sensing by implementing CEST.
Free imidazole (1 in Fig. 4) does not provide CEST contrast at neutral pH due to its fast exchange

rate with water. Based on the knowledge that histidines in the catalytic site of serine proteases
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Figure 4. Select azole derivatives analysed for their CEST properties (Reprinted from °7).

showed a decreased exchange rate of the imidazole N-H groups and chemical shifts as far as 13 ppm

downfield from water by virtue of their hydrogen bonding network *%%°

, we decided to try and prepare
an imidazole compound with a suitable intramolecular hydrogen bonding as a CEST agent. We have
synthesized and tested over 25 variants at this point, and have found 4,5-bis[(Glu)carbonyl]-/H-
imidazole,(145DC-Gluy, 5 in Fig. 4 ) which generates strong CEST contrast at 7.5 ppm at neutral pH
7. The number of nitrogens in the ring and substituents attached to this were critical for stabilizing
the conformation and enabling CEST contrast production %% 1%, Moreover, the two labile proton
types in this molecule, high pH sensitivity and water solubility make it a good candidate for
ratiometric pH measurements. The mechanism of contrast enhancement is expected to be similar to
the behaviour seen previously and attributed to changes in conformation as the pH drops '°°. We have
tested this agent in vivo and succesfully mapped the pH of mouse kidneys °’. The imidazoles are
generally considered to be well tolerated enabling their usage in the clinic, with similar compounds
such as flumizole, dacarbazine and cimetidine and a number of others having LD50s of 500 - 2,500
mg/kg and used as antiinflammatories, H2 antagonists, anticancer, anticonvulsants, antifungals or to
treat hypertension. '°> 1% This combination of factors has inspired us to further test our imidazole
agent for pH mapping in certain renal diseases and injuries including due to urinary tract obtruction,

methyl malonic acidemia with this work ongoing.

3.3 Applications of pH imaging



One of the main focusses of pH mapping studies is applying these for cancer imaging because of the
well known tumor extracellular acidification upon the combined effects of dysregulated metabolism,
hypoxia and reduced perfusion 7> 76 104195 ‘Indeed, a number of early studies were performed to
characterize the pH of tumors using CEST MRI 77 884 A first in vivo demonstration of the
relationship between upregulated glycolysis and tumor acidosis via CEST imaging was provided by
Longo and coworkers, reporting a strong correlation between '8F-FDG uptake and tumor extracellular
pH (pHe) by combining PET and MRI-CEST pH imaging in a breast tumor murine model '%.
Nowadays, high resolution tumor pH maps are achievable within a reasonable acquisition time that
allows to obtain information on spatial tumor pH heterogeneity (Fig. 5). Tumor pHe mapping can be
exploited for assessing response to anticancer therapies that can alter the homeostasis of tumor

acidosis. Drugs targeting the glycolytic metabolism are expected to affect the extracellular tumor
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Figure 5. Comparison between Iopamidol, Iobitrol and Iopromide ratiometric pH MRI. a) Top: Iopamidol chemical structure.
Middle: Z-spectra for representative pH of 6, 7 and 8 (B1 =2.5 4T, TS = 5 s) at room temperature. Bottom: Ratiometric CEST analysis
is sensitive to pH ranging from 6 to 7.5. [Adapted from ®']. b) Top: Iobitridol chemical structure with a single amide proton group.
Middle: CEST spectra of 30 mM iobitridol solution at pH of 5.5 (solid line), 6.0 (dashed line), and 7.0 (dotted line). The reduction in
MRI signal from bulk water signal upon selective irradiation at 5.6 ppm is pH sensitive (RF saturation power =3 uT x 5s, T=310 K,
Bo=7T). Bottom: numerically solved pH-dependent chemical exchange rate for labile protons at 5.6 ppm. [Reprinted from 25238643]
c) Top: the chemical structure of iopromide. Middle: a CEST spectrum of 200 mM iopromide at pH 6.69 and 37.0°C with saturation
applied at 2 uT for 5 s. Bottom: a logio ratio of the two CEST effects is linearly correlated with pH from pH 6.3 to pH 7.2. [Reprinted

from %3]



acidification '°’. This has been showed in vivo in a breast cancer murine model upon dichloroacetate
administration that can revert the dysregulated glycolysis. Interestingly, tumor pH values increase
strongly after dichloroacetate treatment and were confirmed by the decrease of the lactate levels,
showing the early response to treatment. However, 15 days after the tumor became resistant, lactate
levels were similar between untreated and treated groups and tumor pH imaging demonstrated the
onset of resistance to the drug '°. CEST pH imaging was also exploited to evaluate, in combination
with FDG-PET studies, the early response to metformin on a preclinical model of pancreatic cancer
19 However, although CEST-MRI did not report any increase in tumor pHe, likely reflecting the
mechanism of action of metformin, the following PET analyses detected a reduction in glucose uptake,
by confirming an alteration of the glucose uptake. Since tumor acidosis is nowadays considered as
one of the leading causes of cancer aggressiveness and invasiveness, MRI-CEST pH imaging has
been investigated as a potential imaging biomarker of the metastatic potential. Anemone and
colleagues investigated several breast cancer cell lines with different metastatic potentials, showing
that cell lines with higher invasiveness (larger and higher number of lung metastases) reflected an
increased tumor acidity and heterogeneity, whereas less aggressive tumors resulted in lower tumor
acidosis and smaller and reduced lung metastases (Fig. 6) ''°. ITopamidol CEST pH imaging has also

been exploited to confirm the presence of acidic niches in lymph nodes, providing precious
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Figure 6. Anatomical images of acidic tumour environment and pHe in vivo correlation with lung metastasis a) Top: anatomical
Taw images of TUBO, BALB-neuT, 4T1 and TS/A representative tumours. Bottom: representative tumour extracellular pH maps for
TUBO, BALB-neuT, 4T1 and TS/A tumours. b) Acidity score calculated for TUBO, BALB-neuT, 4T1 and TS/A tumour. *P <0.05

and **P <0.01. c¢) Correlation between acidity score and number of lung metastases (+*>=0.91, *P <0.05). [Reprinted from ']

information about the physiological microenvironment and its influence in immune cells activation
and glycolytic metabolism maintenance ''!. In addition, Jones and colleagues provided the clinical
translation proof of iopamidol-based pHe mapping by measuring pHe values in ovarian and in breast
cancer patients with a clinical MRI 3T scanner ''?. Overall, these results highlight that iopamidol-
based tumor pH imaging can be considered useful for characterizing tumor aggressiveness and to

assess response to anticancer therapies.

The acid-base balance plays a fundamental role in kidneys, consequently, pH imaging of kidneys is
expected to provide useful information regarding renal functionality. Some of the first evidence of
altered renal pH values in a preclinical severe but transient acute kidney renal injury model were
provided by Longo et al. showing marked pH alterations that restored to normal basal pH values after
a recovery period ''°. In another study, upon single-kidney ischemia-reperfusion injury, iopamidol-
based renal pH imaging was capable to distinguish between the clamped and the contralateral kidneys
and to monitor the renal pH evolution in a moderate and in a severe injury model !'*. Additionally,
Irrera and coworkers reported a dynamic CEST approach for assessing both renal perfusion and pH
homeostasis in an acute ischemia-reperfusion injury murine model. Iopamidol was injected and
exploited for providing a dual reading of both perfusion and pH, with a marked reduction of renal
filtration and increased pH values for the clamped kidneys in comparison to the contralateral ones '°.
Consequently, the dynamic CEST approach was able to assess and distinguish the renal function
between the healthy and the clamped kidneys and these results correlated with the perfusion values
obtained with a DCE-MRI approach upon gadolinium-based contrast agent injection in the same mice.
Another study tested iopamidol based perfusion and pH maps for differentiating healthy kidneys from
mild and severe chronic kidney disease in a transgenic mouse model of methyl malonic acidemia !''°.
Three metrics were found to correlate with mouse weight including contrast magnitude, filtration
fraction and range in pH values across the kidneys (Fig. 7). Based on the promise displayed, a pilot
study of ITopamidol-based quantitative pH-imaging was performed by Muller-Lutz and colleagues in
2013, by measuring in vivo the pH in the bladder of a healthy volunteer with a clinical 3T scanner
and showing a good agreement with the urine pH measured by a pH-meter ''7. In addition, the first
map of kidney pH was published on a healthy subject at 3 T showing the feasibility of this approach

for translational studies ''3.
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Figure 7. CEST-MRI functional information about renal pH homeostasis. a) Barplots of measured CEST-MRI pH values for the
whole kidneys. b) Representative pH maps (for baseline, post-3-day and post-1-week groups, respectively) superimposed onto the 72w
images, showing neutral pH values for the clamped kidneys. The arrow shows the clamped kidney. (*p < 0.05; ***p < 0.001; ¢ test
contralateral versus clamped. °°°p < 0.001; Bonferroni's test baseline versus clamped). [Reprinted from 32153058] ¢) pH histograms
calculated for two representative HP Mut™~ mice and two representative HP Muz~~ mice. For HP Mur*~ mice, more than 80% of the
detected pixels display a mean pH of 6.50, whereas for HP Mut™~ mice (n = 3), an acidic mean pH of 6.10 to 5.83 was observed. d)
Time-averaged pH images of Mut"~and Mut™~ controls of HP mice. pH was further lowered to 5.83 for the most severely diseased
mice. The pH was distributed over a narrow range of 6.50 + 0.02 for both RD and HP Mut*~ mice, while this range significantly

increased to +0.30 and +£0.46 along with a decrease in mean pH for HP Mu¢~~ mice. [Reprinted from ''¢].

4.1 Enzyme responsive agents
There are a number of probes which after administration can be altered by key enzymes to highlight
pathology, particularly tumor tissue. CEST MRI has been extensively explored for detecting
enzymatic activity using CEST agents that are responsive to a particular enzyme. Because very
often enzyme catalyzes biochemical reactions that involve the change of chemical groups
comprised of exchangeable protons, enzymatic activity (i.e., the conversion from a substrate to a
product) will result in CEST signal changes. Compared to other MRI methods, CEST MRI is
advantageous because one can use a variety of bioorganic agents, even the natural substrates, as
imaging probes. We first demonstrated the use of natural compound cytosine as a CEST agent to

probe the enzymatic activity of cytosine deaminase (CDase) ''°. When cytosine is converted to



uracil by CDase, the CEST signal at ~2 ppm (aniline protons) decreases to an extent that is
proportional to CDase activity. Following this study, we also successfully developed CEST MRI
methods for detecting protein kinase A '2° and deoxycytidine kinase '*!'. Using natural compounds
to probe enzyme activity provides an efficient way to detect an enzyme without much disturbance
to normal cell systems. This strategy was soon implemented by many other research groups for
detecting, for example, carboxypeptidase G2 ' and protease 2. These studies imply that it is
feasible to use the inherently insensitive MRI to detect a low concentration of enzymes in living

subjects non-invasively.

Natural compounds typically have small CEST offsets that overlap with endogenous CEST signals
(i.e., 1-4 ppm), reducing the detection specificity. To overcome this challenge, much effort has been
made to develop synthetic agents with large CEST offsets to improve the specificity of enzyme
detection. For instance, Bar-Shir and his colleagues designed and synthesized chemically modified
thymidine compounds with a favorable CEST signal at ~5 ppm, attributed to pyrimidine amino
protons, at physiological pH. Using the new agents, they successfully used CEST MRI to detect
herpes simplex virus type-1 thymidine kinase (HSV1-TK) 2% 12° Using salicylic acid (SA) (~8-10
ppm) %6 as a building block, Pagel et al. developed a variety of sophisticated enzyme responsive
agents, which typically have two or more well-separated CEST signals, for detecting alkaline
phosphatase 7, sulfatase and esterase 2%, cathepsin B '?°, urokinase '*, y-glutamyl transferase

(GGT) 1!, and kallikrein 6 (KLK6) 32, which are collectively named catalyCEST MRI.

Beyond the detection of enzymatic activity, such an approach can also be integrated into targeted
therapy to obtain enzyme-specific theranostics. We have also conjugated olsalazine (Olsa), an
anticancer drug with a CEST signal at 9.8 ppm, to a cell-penetrating peptide (RVRR) to construct a
theranostic system (Olsa-RVRR) that is responsive to Furin, an enzyme highly expressed in many
aggressive tumors. Olsa-RVRR is reduced by glutathione (GSH) and cleaved by Furin in the
cytoplasm of cancer cells resulting in the cleaved Olsa-peptide that spontaneously self-assembles to
nanostructures through intermolecular interactions (Fig. 8). The self-assembled nanostructures can
prevent Olsa from rapid efflux and consequently not only increases the anti-tumor effect

significantly but also leads to strong CEST signal at 9.8 ppm.
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Figure 8. a) Self-assembly of Olsa-RVRR into Olsa-NPs through a series of steps. Red line indicates the site of furin cleavage, and
the circled hydroxyl group indicates the exchangeable hydroxyl proton that provides OlsaCEST signal at 9.8 ppm from the water
frequency. b) After Olsa-RVRR enters the cytoplasm of high furin-expressing cells (HCT116 cells in this study), it undergoes
reduction by GSH and cleavage of the peptide by furin near the Golgi complex where cleaved Olsa-RVRR is generated. Amphiphilic
oligomers (mostly dimers) are then formed from the click reaction between two cleaved Olsa-RVRR molecules, followed by self-
assembly into Olsa-NPs as a result of intermolecular n-x stacking. The intracellular accumulation of Olsa-NPs then serves as a

reservoir of Olsa molecule-enhancing CEST contrast and inhibiting DNA methylation for tumor therapy. Reprinted from Ref 133,

5.0 Theranostics

The use of theranostics represents a strategy to integrate imaging into drug treatment'**!3¢ and has
become an emerging approach for carrying out targeted and individualized therapies for various
diseases. In the last decade, numerous theranostic systems have been reported for the simultaneous
detection and treatment of diseases by specific biomarkers or monitoring the delivery and release of
drugs in real-time !*’. In most of these studies, the theranostic systems were constructed in such a
way that imaging probes are integrated into drug delivery carriers, either chemically or physically.
While this approach has been successfully demonstrated in many preclinical studies, it poses a
potential shortcoming: the addition of imaging probes will unavoidably influence the
pharmacokinetics of the drug delivery systems, not to mention this may also result in false signal if
the imaging probes disassociate from the delivery systems in vivo. Hence, it is highly desirable to
construct theranostic systems without imaging labels, so-called label-free theranostics. In this
regard, CEST MRI has been exploited to make otherwise MRI invisible drugs imageable. It is

because many drugs possess exchangeable protons that are detectable in CEST MRI. By screening a



library of anticancer drugs, our group first showed that many chemotherapeutic agents, including
pyrimidine analogs, purine analogs, and antifolates, can generate CEST MRI contrast, permitting
detection of these label-free theranostics'*®. In the study, we demonstrated the CEST MRI detection
of uptake and distribution of i.v.-injected a liposomal form of gemcitabine (a first-line anticancer
drug for pancreatic cancers) in experimental tumors in mice. Gemcitabine has two strong CEST
MRI signals at physiological conditions (pH=7.4 and 37°C, PBS), i.e., 2.2 ppm and 1.0 ppm,
corresponding to the amino and hydroxyl protons, respectively. The detection sensitivity was
estimated to be <1 mM for PBS samples and 1-2 mM for gel samples, suggesting CEST MRI has a
moderate sensitivity in detecting these drugs, which however still has potential in the scenarios
where drugs are administered at a relatively high dose. While most CEST MRI studies were
conducted using high field scanners, a recent study '*° has shown that CEST MRI could detect
gemcitabine that was loaded in hydrogel at 3T, confirming the feasibility of using CEST MRI to

detect drugs at low magnetic fields.

Non Steroidal Anti-Inflammatory Drugs (NSAIDs) are in widespread use for the reduction of pain
and inflammation. We discovered that a number of salicylates and anthranillates can act as both
NSAIDs and as high performance CEST agents with the CEST properties tuned through
intramolecular hydrogen bonding '4*-14>, We have characterized a number of like compounds which
possess labile protons with chemical shifts between 5 — 12 ppm from water including the ones
shown in Fig. 9 which allows outstanding detection sensitivity for a variety of magnetic field
strengths. Since the labile protons resonate > 4 ppm from water, there is minimal overlap with
endogenous CEST agents which should maximize the potential for quantification. Another
attractive feature of salicylate and anthranillate agents is the wealth of literature on
pharmacokinetics and toxicity. For example, SA is a known NSAID, the active metabolite of
aspirin, a key ingredient in many skin-care products, and part of human diets '**. 4-amino-SA was
introduced to clinical use in 1948 as an antibiotic for tuberculosis treatment '** and is administered
(PASER ®) to patients at a dosage of 4 grams 3 times a day. 5-amino-SA is an NSAID
administered for treatment of inflammatory bowel disease. 2,4-dihydrobenzoic acid is a metabolite
found in blood plasma after drinking cranberry juice !4°. Other salicylates and anthranillates used as
drugs include diflunisal, olsalazine, balsalazide, olksalazine, sulfasalazin, pamoic acid, flufenamic
acid and meclofenamic acid. Separate from their capabilities for pain and inflammation, a number
of studies have found these salicylates inhibit development of cancer'#S, and in fact we have
recently shown that injectable aspirin can be used to for breast cancer imaging as its metabolite is

well detected in these tumors '47. It is also possible to derivatize the anthranillates and still retain



large chemical shifts on the labile protons, with Hydrazo-CEST probes being one example '*% 147,

The acetanilides are other similar compounds which form intermolecular hydrogen bonds resulting
in well tuned proton exchange '*°. Based on their favorable exchange properties, it is expected that

several of these agents find use on clinical 3 T scanners.
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Figure 9. Select salicylate and anthranillate CEST agents. A) 7 of these agents with labile protons resonating between 5 — 12 ppm
from water; b) general scaffold for these agents, with MRI properties tolerant to conjugation at R4, RS; Reprinted from Ref 1!

At this point, besides the above mentioned primidne and purine analogs and NSAIDS, label-free
CEST-guided drug delivery or CEST theranostics have been demonstrated on a wide spectrum of
drugs, e.g., anticancer drugs, including cytarabine '8, decitabine '*®, azacitidine '*¥, fludarabine 3%,
methotrexate and pemetrexed °! 1*® melphalan !%2, olsalazine '*3, porphyrins (TPPS4) **; NSAIDs

147

) 153 , and aspirin "*’;

including anthranilic acid (Flufenamic acid d 126

and salicylic aci
neuroprotective drug citicoline !>, anti-viral drugs, lamivudine (3TC) and emtricitabine (FTC)!">;
cardiovascular drug acebutolol '°%; and even therapeutic bacteria and virus, including clostridium-

)13, Collectively, those studies demonstrated the

NT '*7 and oncolytic herpes simplex virus (HSV
ability of CEST MRI to directly and assess the efficiency of delivery and visualize the
biodistribution of drugs and biologics without the need for chemical labeling. It is expected such a

label-free theranostic strategy can have an immediate clinical impact.

6.0 Summary

As a very wide range of molecules have labile protons, it is important to understand which
have suitable protons with the appropriate chemical exchange rates (kex) at physiologically relevant
pH values and chemical shift differences with water (Aw). The two-pool Bloch-McConnell
equations using a long saturation pulse can be numerically solved to characterize how the CEST
contrast depends on kex, Aw, saturation field strength (w1) and number of labile protons per

molecule as has been mentioned previously '*!. In Fig. 10 and Table 1 we list the kex and Aw for a



set of diaCEST agents tested for various medical applications. As can be seen, the chemical shift of
the porphyrins including TPPS4 can be highly upfield shifted and thus has a unique feature. As we
move downfield from water, there are endogenous metabolites Glucose, Glutamate and creatine
which have a chemical shift within 3 ppm, where Glutamate and Creatine have labile amine group
protons and Glucose has has labile hydroxyl group protons. Iopamidol has multiple labile protons
and lies within 6 ppm from water. [45DC-diGlu also has multiple labile and located further

downfield. Salicylic acid and Olsalazine have chemical shifts closer to 10 ppm.
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Figure 10: CEST MTRasym spectra for common diaCEST agents described in this review.

In Figure 11, select diaCEST agents we describe in this review are inserted into a plot of our Bloch
simulations to demonstrate their expected relative sensitivities at two field strengths, 11.7 T and 3
T, using 3 sec saturation pulses at two saturation field strengths: 4 uT and 6 pT. This is an
imperfect depiction, as some agents have many more exchangeable protons, for example glucose
has six per molecule and olsalazine has two while salicylic acid has only one. Nevertheless, what

can be seen is that the detection is expected to improve at the higher filed strength, 11.7 T compared



to the widely clinically used 3 T. For example for salicylic acid, olsalazine and TPPS4 porphyrin,
the contrast improves ~2 times from 3 T to 11.7 T for Bi1=4 uT and ~4 times from 3T to 11.7 T for
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Figure 11: Simulated CEST contrast as function of labile proton chemical shift, Aw and exchange constant, kex for the following
conditions: A) Bo=3T, 01=4 nT B) Bo=11.7 T, @1=4 puT C) Bo=3T, 01=6 uT D) Bo=11.7 T, 1= 6 pT. Simulation parameters: y ca=
10 mM, Ti1w=Tis=4 s, Tow=T2s= 0.1 s TPPS4= Tetraphenylporphine sulfonate, [45DC-diGlu = 4,5-bis[(Glu)carbonyl]-1 H-imidazole

Bi= 6 uT. For Iopamidol, the contrast improves ~11 times from 3T to 11.7 T for 4 uT and ~37 times
from 3T to 11.7 T for 6 uT. 145DC-diGlu, the contrast improves ~3 times from 3T to 11.7 T for 4 uT
and ~7 times from 3T to 11.7 T for 6 uT. Even for D-Glucose, Creatine and Glutamate, the contrast
improved by larger factors with increase in Bo and Bj. In vivo behavior is not quite so easily predicted
of course, and the contrast for these small molecules will depend on the microenvironment for the
tissue in which these reside, which will impact exchange and relaxation rates. In fact, this is a positive
feature, as changes in environmental pH results in significant differences in contrast for any CEST
pH sensor such as iopamidol or 145DC-diGlu enabling the production of pH maps. Other improtant
factors include pharmacokinetics of the agent and toxicity of the compounds. Based on all these

considerations, different agents may perform better for each application.



Table 1. List of select diaCEST probes along with their exchange properties.

diaCEST Concentr Bo, Bl, t Chemical pH, T  Exchange References
contrast agent ation shifts (ppm) rate (s!)
Porphyrin 20 mM 9.4 T,3.6 uT, 3s -9.75 37 °C, 430 Zhang et al, 2019
(TPPS4) 6.6
D-Glucose 20mM 9.4 T, 50 ms 1.2 37 °C, 4280 Jinetal, 2014
6.8
Glutamate 20 mM 94T,3.6uT,5s 3 37 °C, 5000 Cuil, ZuZ, 2019
7
Creatine 25 mM 11.7 T, 6 uT, 3s 1.9 37 °C, ~175 Pavuluri et al,
6.5 2020
ITopamidol 20 mM 47T,2.5uT, 5s 43,55 37 °C, 265 Sun et al, 2014
6.5
I45DC-diGlu 25 mM 11.7T,59 uT, 3 s 4.5,7.8 37 °C, 5300 Yang et, 2016
7.5
Salicylic acid 25 mM 11.7T,7.2 uT,3 s 9.3 37 °C, 1200 Yang et al, 2013
7
Olsalazine 10 mM 11.7T,3.6 uT, 3 s 9.8 37 °C, 697 Yuan et al, 2019
7.4
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