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Abstract

Deoxycytidine kinase (DCK) is a key enzyme for the activation of a broad spectrum of nucleoside-

based chemotherapy drugs (e.g., gemcitabine); low DCK activity is one of the most important 

causes of cancer drug-resistance. Noninvasive imaging methods that can quantify DCK activity are 

invaluable for assessing tumor resistance and predicting treatment efficacy. Here we developed a 

“natural” MRI approach to detect DCK activity using its natural substrate deoxycytidine (dC) as 

the imaging probe, which can be detected directly by chemical exchange saturation transfer 

(CEST) MRI without any synthetic labeling. CEST MRI contrast of dC and its phosphorylated 

form, dCTP, successfully discriminated DCK activity in two mouse leukemia cell lines with 

different DCK expression. This dC-enhanced CEST MRI in xenograft leukemic cancer mouse 

models demonstrated that DCK(+) tumors have a distinctive dynamic CEST contrast enhancement 

and a significantly higher CEST contrast than DCK(−) tumors (AUC0−60min= 0.47 ± 0.25 and 0.20 

± 0.13 respectively, p=0.026, paired Student’s t-test, n=4) at 1 hour after the injection of dC. dC-

enhanced CEST contrast also correlated well with tumor responses to gemcitabine treatment. The 

present study demonstrates a novel MR molecular imaging approach for predicting cancer 

resistance using natural, non-radioactive, non-metallic, and clinically available agents. This 

method has great potential for pursuing personalized chemotherapy by stratifying patients with 

different DCK activity.

Introduction

The ability to stratify likely responders and non-responders through cellular and molecular 

determinants of responses before treatment is of paramount importance in the management 

of cancer chemotherapy. Among those clinically proved determinants, deoxycytidine kinase 
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(DCK) is one of the essential enzymes responsible for the activation of nucleoside-based 

chemotherapy agents, including gemcitabine (dFdC) and cytosine arabinoside (ara-C) (1, 2). 

The primary role of DCK in mammalian cells is to phosphorylate 2’-deoxycytidine (dC) into 

deoxycytidine monophosphate (dCMP), which will be consequently converted to 

deoxycytidine triphosphate (dCTP) for DNA synthesis. When nucleoside-based 

chemotherapeutic agents enter cancer cells, they need to first be phosphorylated by DCK to 

transform into their active forms, which will be incorporated into DNA and abrogate DNA 

synthesis (3, 4). Low DCK activity has been proved to be associated with cancer resistance 

to dFdC and ara-C (1), with low DCK activity leading to poor survival rates in patients 

treated with dFdC (2). These studies suggest that DCK activity is an important biomarker for 

predicting cancer resistance to nucleoside analog chemotherapy agents and can be used to 

direct patients to the most appropriate therapy. Currently, all clinically available assays that 

assess tissue DCK mRNA, protein, or enzymatic activity are based on biopsy sampling (5, 

6), which is prone to the risk of missing clinically relevant regions due to the limited 

sampling of target tissue. Thus, an imaging method that can non-invasively assess the 

(spatial and temporal) activity of DCK is of great clinical interest. In this context, several 

PET tracers have been developed (7) and very recently a patient study has been reported (8), 

demonstrating the promise to develop molecular imaging technologies as clinical assays for 

assessing DCK activity.

MRI is a versatile medical imaging modality with superb soft tissue contrast, high spatial 

resolution, and no ionizing radiation. It has been widely used in cancer imaging for 

assessing alterations at the morphological, functional, and molecular levels. In the context of 

enzyme detection, MRI assessments have been demonstrated for a variety of kinases using 

synthetic probes or genetically encoded reporters, such as creatine kinase (9), arginine 

kinase (10), protein kinase A (11, 12), and thymidine kinase (13). While these methods can 

play an important role in preclinical research, the translation of these imaging probes to 

human application can be formidably challenging(14). Using clinically available agents as 

imaging probes would be a practical strategy to overcome this challenge and allow quick 

translation of the preclinically validated MR molecular imaging technologies. Demonstrated 

in recent studies by others and us, natural biocompatible agents, such as sugars (15, 16), 

amino acids (17), and drugs (18, 19) can be imaged directly using a relatively new MRI 

contrast mechanism, chemical exchange saturation transfer (CEST) MRI, a technique that 

detects small amounts of contrast agent through the saturation of rapidly exchanging protons 

on these agents (20). Using this approach, enzyme detection has been accomplished using its 

natural substrates as MRI reporters (21). We hypothesized that CEST MRI can be used to 

detect DCK activity by intracellular conversion of its natural substrate dC and accumulation 

of its product dCTP, the principle of which is illustrated in Fig. 1. Our previous study (21) 

showed that natural dC carries exchangeable amine protons (exchange rate ~800 Hz at 37 °C 

and pH 7.4), enabling the direct CEST MRI detection of dC without any synthetic labeling. 

As depicted in Fig. 1, dC can diffuse across the cell membrane, whereas dCTP cannot. 

Therefore, when the cellular DCK activity is sufficiently high, the influxed dC can be 

quickly phosphorylated into dCTP and accumulate intracellularly. In contrast, in cells with 

low DCK activity, dC cannot be effectively phosphorylated and will efflux freely afterward. 

This thus provides a practical way to detect DCK activity in the targeted tumor cells non-
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invasively through the observation of CEST MRI signal at an extended time point after the 

systemic administration of dC. Because dC is a clinically available agent, this “natural” MR 

molecular imaging method has great potential to be quickly translated to the clinic for 

patient stratification.

Materials and Methods

Cells

All chemicals were purchased from Sigma Aldrich (Saint Louis, MO, USA) unless 

otherwise stated. DCK(+) L1210-WT and DCK(−) L1210–10K murine leukemic cell lines 

were gift from Dr. Radu at UCLA in 2015 (7). Cells have been authenticated by short 

tandem repeat (STR) profiling at the Johns Hopkins Genetic Resources Core Facility 

(GRCF), tested to be free of mycroplasma, and used within 20 passages. The construction of 

these sublines of murine leukemic cancer cells was described previously (22). Cell lines 

have been authenticated by short tandem repeat (STR) profiling at the Johns Hopkins 

Genetic Resources Core Facility (GRCF) and mycoplasma contamination of cell lines were 

conducted 1) on establishment and characterization of a clone as a valid reagent, (2) before 

freezing, (3) every two months when growing in culture, (4) if the morphology or 

phenotypes of the cell line change unexpectedly or there is any suspicion of 

crosscontamination and (5) mycoplasma contamination. Cells were cultured in suspension in 

RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine 

serum (FBS, ThermoFisher Scientific, Waltham, MA, USA). The medium of cells were 

changed every two days and cells were passaged every week.

Microcapsule encapsulation

Prior to encapsulation in microcapsules, cells were incubated in culture medium containing 

5 mM dC overnight. Cells were then centrifuged and washed with phosphate buffered saline 

(PBS, pH 7.4) three times to remove free dC. L1210-WT and L1210–10K -encapsulated 

microcapsules were prepared according to previously published protocols (23, 24). 

Microcapsules were transferred to 5 mm NMR tubes for in vitro MRI.

Preparation of cell extracts

Cells were incubated with 5 mM dC for 24h. After washing with PBS twice, 1×107 cells 

were pelleted and used for preparing cell extracts using the methanol–chloroform–water 

extraction method, an extraction method that is a widely used for high resolution NMR 

metabolic profiling (25, 26). Briefly, cells were suspended in 1 mL cold methanol, vortexed 

and added 1 mL CHCl3 and 1 mL H2O. The solution was then vigorously vortexed and kept 

at 4 °C overnight. The upper layer was transferred to a clean tube and methanol was 

evaporated by bubbling air. The remaining solution was then lyophilized and the extracts 

were stored at −80 °C before being suspended in 100 μL PBS (pH 7.4) for CEST MRI 

measurements. Lyophilized cell extracts were dissolved in deuterium oxide (D2O) (Sigma-

Aldrich, St. Louis, MO, USA) for further measurement in NMR spectrometry.
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Western blot

Total cellular protein (30 g) was subjected to SDS/PAGE on 12% wt/vol acrylamide gels 

(Bio-Rad). Protein was transferred to nitrocellulose membrane (88018; Pierce), which was 

blocked overnight at 4 °C in the LiCor blocking solution (927–40000; LiCor Biosciences). 

Membranes were probed with primary antibodies for 1 h at room temperature. The rabbit 

polyclonal antibody against DCK was provided by Francoise Bontemps (University 

Catholique de Louvain, Belgium). The mouse anti-actin antibody (A4700; Sigma) was used 

as a loading control. Membranes were washed with PBST (Tween 0.1% wt/vol), probed with 

an infrared dye-labeled secondary antibody (926–32210 and 926–32211; LiCor Biosciences) 

for 1 h, washed again with PBST, and then scanned using the Odyssey infrared imaging 

system.

Animals

All animal experiments were performed in compliance to protocols approved by the 

Institutional Animal Care and Use Committee (IACUC) of Johns Hopkins University. 

Female NOD SCID mice (4–5 weeks, Charles River) were injected with two million tumor 

cells in 200 μL PBS subcutaneously into the lower flanks, with the left inoculated with 

L1210-WT cells and the right flank inoculated with L1210–10K cells. For dFdC treatment, 

mice were i.p. injected with 360 mg/kg dFdC suspended in saline (pH 3.3) at 7 days after 

inoculation. The sizes of tumors were measured from day 7 to day 11. Tumor volume (mm3) 

was calculated by width2×length/2, and tumor specific growth rates (SGR; %/day) were 

quantified as ln(volumeday11/ volumeday7)/5 × 100% (27). Four mice were used in each 

imaging group and five were used in each treatment groups.

MRI

In vitro CEST MRI was performed at 37 °C on a 9.4 T vertical bore Bruker MRI scanner 

using a previously reported procedure (17) with the following CEST parameters: B1 =3.6 μT, 

saturation time (Tsat)=3 sec, offsets ranging from −5 ppm to 5 ppm (step=0.2 ppm). The B0 

inhomogeneities were measured and corrected using the WASSR method (28).

At 7– 10 days after inoculation, mice were scanned using an 11.7 T Bruker Biospec 

horizontal scanner equipped with a mouse brain surface array RF coil (receiver) and a 72 

mm volume coil (transmitter). CEST MRI was performed before and after the i.v injection 

of 200 μL dC saline solution (2 g/kg or 8.8 mmol/kg b.w.) over 30 s. A RARE-based T2-

weighted sequence was used to locate and acquire an imaging slice covering both tumors, 

with TR=2 s, effective TE=27.4 ms, RARE factor = 16, slice thickness = 1 mm, matrix size = 

256 × 256, field of view=25 mm × 25 mm, number of average = 4. CEST imaging was 

performed using B1=3.6 μT, Tsat =3 s, offsets ranging from −4 to +4 ppm (step=0.2 ppm), 

RARE factor =23, TR =5 s, TE =18.6 ms, number of averages =2, matrix size =64×64, field 

of view=25 mm×25 mm. The WASSR method (28) was used to assess and correct B0 

inhomogeneities. T1 mapping was performed using a RARE-based saturation recovery 

sequence with six TR times (375, 707, 1132, 1730, 2738 and 7500 ms).
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Data processing

All data processing was performed using a custom program written in MATLAB 

(Mathworks, Waltham, MA, USA). Regions of interest (ROIs) were chosen to encompass 

the whole tumor based on T2w images. Pixel-wise and average CEST spectra analyses were 

performed after B0 correction using the acquired Z-spectrum. The CEST parameter 

MTRasym=(S−Δω – S+Δω)/S0 was computed after B0 correction and ΔMTRasym at each time 

point calculated from MTRasym (t)- MTRasym (pre). MTRasym maps were resized to 

512×512 and denoised through wiener filtering. ΔMTRasym was overlaid on the T2w image. 

Area-under-curve (AUC) map was computed using the dynamic ΔMTRasym in the first 60 

minutes after injection according to a previously reported procedure (29). In addition, 

MTRrex was calculated by S0/S+Δω - S0/S−Δω
. , and AREX was calculated by MTRrex/T1 

(28, 30).

Immunohistofluorescence staining

Immunohistofluorescence staining was used to evaluate the expression of dCK and CD31 in 

L1210-WT and L1210–10K tumors. Antibodies used in this study include: mouse anti-dCK 

(gift from Dr. Radu (31)), rabbit mAb anti-CD31 (#77699, Cell Signal Technologies, 

Beverly, MA), Alexa Fluor 488-conjugated anti-rabbit IgG (#4412, Cell signaling 

Technologies), Alexa Fluor 594-conjugated anti-mouse IgG (#8890, Cell signaling 

Technologies). Tumors were embedded in optimal cutting temperature compound (OCT), 

frozen at −80 °C and cryosectioned at the thickness of 5 μm. Tumor sections were fixed and 

permeabilized using cold acetone, followed by blocking using 1% bovine serum albumin 

(BSA in PBS) at room temperature for 1h. Primary and secondary antibodies were applied to 

the tissue sequentially using recommended dilutions, with extensive washing with PBS in 

between. DAPI was used to stain the nucleus. Cover glass was mounted using the Prolong 

Antifade Mountant (Thermo Fisher Scientific). Tumor sections were imaged using a 

confocal laser scanning microsope (Olympus FV3000, Tokyo, Japan).

Statistical analysis

All in vitro experiments were performed in triplicates independently unless otherwise stated. 

Data are presented as mean±SEM. Two tailed Student’s t-test was used to determine the 

statistical significance of the difference between groups. Differences were considered 

significant when p<0.05.

Results

CEST MRI properties of dCTP

As shown in Fig.2A, dCTP exhibits maximum CEST MRI signal (in terms of the parameter 

MTRasym) at around 2.0 ppm, ascribed to its amine protons (18). Similar to previously 

reported dC data (18), the magnitude of the CEST signal of dCTP also depends on the RF 

saturation power (B1) and pH (Fig. S1). The minimal concentration of dCTP that can be 

reliably detected by CEST MRI is approximately 0.4 mM (Fig. S2). While it is not possible 

to predict the detection threshold for all studies with different tissue properties, acquisition 

conditions, and saturation parameters, our study demonstrates that CEST MRI is able to 
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detect dCTP in a low concentration (sub-mM to mM) range even in a small volume (voxel 

size= 0.2×0.2×1 mm3, or 4×10−5 mL).

In vitro CEST detection of DCK activity in tumor cells

To demonstrate that CEST MRI can detect the accumulation of dCTP in DCK expressing 

cells, two leukemic cell lines, namely DCK(+) L1210-WT and DCK(−) L1210–10K (7) 

were used, which were encapsulated and cultured in alginate microcapsules (32) to maintain 

a favorable environment for the cells to survive during sample preparation and MRI scan 

(Fig. 2B). L1210–10K is a cell line derived by genetic mutation of the DCK gene (22). The 

different levels of DCK expression in those two types of cells were confirmed by western 

blots (Fig. 2C). Incubating with 5 mM dC for 24 hours could strongly augment the 

intracellular dC/dCTP concentration in the DCK (+) L1210-WT cells from 0.208 to 1.361 

nmol/106 cells, an approximately a six-fold increase, as measured by high-resolution NMR 

(Fig. S3A). In contrast, the same incubation only increased the intracellular dC/dCTP 

concentration from 0.161 to 0.388 nmol/106 cells in the DCK (−) L1210–10K cells 

(Fig.S3B). After incubating in cell culture medium containing 5 mM dC for 12 hours and 

washing three times using PBS, MRI was performed. Due to their large size (diameter ~500 

μm), those microcapsules could be visualized by T2w MRI (Fig. 2D top). The CETS MRI 

results showed that the microcapsules containing L1210-WT cells exhibited markedly higher 

CEST signal at 2 ppm than those containing L1210–10K cells (Fig. 2D bottom). As shown 

in Fig. 2E, the mean MTRasym values were 0.064± 0.014 and 0.056 ± 0.014 for L1210-WT 

and L1210–10K cells, respectively. Further, cell extracts from 1×107 L1210-WT and 

L1210–10K cells with or without dC incubation were prepared. A significant difference of 

MTRasym values at 2 ppm can be observed between cell extracts of L1210-WT cells (WT) 

and L1210-WT cells with dC incubation (WT+dC) (p=0.0338) (Fig. 2F). In contrast, 

MTRasym values at 2 ppm of cell extracts of L1210-WT, L1210–10K and L1210–10K were 

similar (p>0.05).

In vivo CEST MRI detection of DCK activity in tumors with different DCK

To demonstrate that CEST MRI can be used to detect DCK activity in vivo, we implanted 

both DCK(+) L1210-WT and DCK(−) L1210–10K cells in the flanks of mice (Fig. 3A). 

Immunohistochemical analyses showed no apparent differences in vessel density between 

the types of tumors as revealed by the CD31 staining, but a much lower DCK expression in 

L1210–10K tumors than in L1210-WT tumors (Fig. 3B). As illustrated in Fig. 3C, three 

ROIs were drawn manually for DCK (+) L1210-WT tumor, DCK(−) L1210–10K tumor and 

a small region of muscle. Muscle was chosen as the internal control tissue for its known low 

DCK activity. CEST MRI was performed before and after i.v. injection of 2 g/kg (8.8 

mmol/kg) dC. As shown in the pre- and 60 min post-contrast MTRasym maps (Fig. 3D) of a 

representative mouse, the DCK (+) L1210-WT tumor showed a marked CEST signal 

enhancement, while no apparent CEST signal increase can be observed in DCK(−) tumor 

and muscle. The ΔMTRasym map (Fig. 3E) showed a dramatically higher ΔMTRasym value 

in DCK (+) tumor than that in DCK (−) tumor and muscle. The averaged MTRasym plots of 

different tumors and muscle (pre- and 1 hour post-injection) are shown in Fig. 3F, showing a 

noticeable increase in the CEST signal in L1210-WT tumors at around 2 ppm, but not in 

L1210–10K tumors and muscle (n=4).
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We acquired a total of nine sets of CEST images at a temporal resolution of 7.5 minutes, 

which allows dynamic monitoring of the CEST signal change in each tumor over the period 

of 60 minutes (Fig. 4A and Fig. S4). Moreover, the two types of tumors showed distinctive 

dynamic contrast change in the first hour after the injection. Of note, the dynamic study 

showed that while the one hour post-injection time provided an optimal contrast between the 

two types of tumors with different DCK activity levels, any time point after 30 minutes can 

be potentially used. A consistent increase of MTRasym is seen in DCK (+) L1210-WT 

tumors (ΔMTRasym ~ 0.015, or 32.3 % relative CEST signal increase compared to pre-

injection), while the DCK(−) L1210–10K tumor showed a strong initial increase in CEST 

signal (i.e., ΔMTRasym =0.019 at 7.5 minutes post-injection), but a quick drop afterwards, in 

line with our hypothesis that DCK(+) tumors are characterized by a prolonged dC and dCTP 

retention (Fig. 1). We calculated the area-under-curve (AUC) maps using the CEST signal 

change in 0–60 min and 30–60 min after dC injection. As shown in Figs. 4B–E, the DCK 

(+) L1210-WT tumor showed a much stronger CEST signal (AUC0–60min= 0.47±0.25, 

AUC30–60min= 0.28±0.14, n=4) than the DCK(−) L1210–10K tumor (AUC0–60min 

=0.20±0.13, AUC30–60min= 0.09±0.04, n=4) and muscle (AUC0–60min=030±0.10, 

AUC30–60min= 0.11±0.03, n=4) (all p values <0.05), suggesting a much stronger 

accumulation of dC/dCTP in the DCK(+) tumors.

Using tumors with different DCK activities to predict tumor response to gemcitabine

We first stratified the tumors based on the dC response. Comparison of the mean CEST 

signals before and 1 hour after the i.v. injection of dC (2 g/kg or 8.8 mmol/kg) showed that 

there was a substantial increase in CEST signal in the DCK (+) tumor, with the mean 

MTRasym increased from 0.047±0.025 to 0.063±0.040 (p=0.0158, n=4). In contrast, no 

significant CEST signal change was observed in the DCK(−) tumor, with mean MTRasym 

values of 0.055 versus 0.056 (p= 0.8622, n=4, two-tailed paired Student’s t-test) (Figs. 5A 

and 5B). It should be noted that these changes in CEST MRI were not due to the changes in 

tumor T1 relaxation times in the tumor, as the T1-compensated analysis using the apparent 

exchange-dependent relaxation (AREX) approach (30) showed a similar result as that done 

with the MTRasym approach (Fig. S5). To validate the predictive value of dC-enhanced 

CEST MRI, mice (n=5 in each group) bearing both L1210-WT and L1210–10K tumors 

were treated with either a single dose of gemcitabine (dFdC, 360 mg/kg, i.p) or vehicle 

(saline). Tumor sizes were measured daily after the treatment (Day 7 after inoculation) for 5 

days. As shown in Fig. 5C, only the cohort of L1210-WT + dFdC showed significant 

decrease of tumor volume from 56.0±15.5 to 41.3±12.5 mm3, corresponding to an −2.6% 

specific growth rate (SGR) per day. In contrast, the other three cohorts showed mean tumor 

volume increases from 67.1±26.4 to 154.8±61.9 mm3, corresponding to a 7.3% growth rate. 

The mean CEST signal change (ΔMTRasym) correlated negatively with tumor growth rate, 

indicating that higher CEST signal correlates with higher tumor response rate (Fig. 5D). 

Therefore, one can use the degree of CEST signal increase at 30 minutes after the dC 

injection to predict the chemo-resistance of a tumor to the dFdC treatment.
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Discussion

Molecular imaging is expected to become an indispensable part of precision medicine by 

providing accurate prediction and monitoring of treatment responses (33, 34). Despite recent 

revolutionary developments in immunotherapy and targeted therapy, chemotherapy is still 

the standard of care for many types of cancers. Molecular imaging methods that can stratify 

patients, whose tumors will or will not respond to gemcitabine therapy, would be extremely 

useful. Unfortunately, no method is currently clinically available that can predict the tumor 

responses to gemcitabine chemotherapy, and patients are treated empirically until disease 

progression or worsening therapy performance. In the present study, we developed a new 

MR molecular imaging approach, namely dC-enhanced CEST MRI, to detect the activity of 

DCK, one of the key enzymes determining cancer resistance to gemcitabine. Currently, 

DCK activity is measurable mostly through biochemical methods (5, 6, 35), which are 

invasive and prone to errors stemming from limited biopsy sampling. In comparison, our 

approach is non-invasive, and most importantly, highly translatable as the intracellular 

conversion of the natural substrate dC and accumulation of its product dCTP are used to 

generate the MRI contrast.

Despite that a number of methods exist for imaging enzymatic activity (9–13), their clinical 

utility is limited due to the use of synthetic probes and genetically encoded reporters. In 

contrast, our approach employs only the currently used drug (nucleotide dC) and its 

phosphorylated product to generate MRI contrast, which can greatly reduce the translation 

barrier. Currently, the most widely used MRI probes are gadolinium contrast agents. 

However, in view of recent concerns about accumulation of gadolinium in brain and bone 

(36, 37), using existing nonmetallic agents and approved drugs for generating MRI contrast 

opens the door to the development of translatable MR molecular imaging technologies not 

only for enzyme activity as exemplified by the current study, but also a broad array of 

molecular biomarkers such as receptor ligands (38).

Our in vitro results showed that dC can be readily detected in the millimolar concentration 

range, indicative of a relatively low sensitivity. However, it should be noted that our in vitro 
experiment conditions should not be considered as the “ideal” condition to provide the 

optimal detectability as compared to the in vivo scenarios. For example, our phantom study 

was carried out on samples in a very small volume (~ 30 μL) at a spatial resolution of 

0.2×0.2×1 mm3 (0.04 μL), which inherently has a lower signal-to-noise ratio (SNR) than a 

typical in vivo study. Strategies that can boost SNR, such as using a larger voxel size and a 

longer acquisition time, may improve the detectability significantly, making our method 

potentially applicable for clinical studies. As an analogy, 19F MRSI, a method also with a 

typical mM concentration detection limit, has been successfully demonstrated to detect 5FU 

accumulated in the human tumor on a 1.5 T clinical scanner(39). Furthermore, the low 

sensitivity can be overcome by using highly safe agents that can be used at a high dose even 

in the clinical scenarios. One of such examples is glucose and its derivatives. For example, in 

a recent study, Rivlin et al. showed contrast enhanced CEST MRI using 3-O-methyl-D-

glucose with a dose up to 3 g/kg (40). In the present study, we used a relatively high dose of 

2 g/kg (8.8 mmol/kg). Considering the difference in the body surface area (BSA) ratio 

between human and mice, the human equivalent dose (HED) is approximately 13 times less 
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than that used in the mouse (in terms of mg/kg) (41). Hence, the dose used in our study 

corresponds to 153 mg/kg in the human. In fact, doses of dC have been used to antagonize 

the toxicity of gemcitabine and ara-C (42, 43), thymidine (44) and deoxyguanosine (45), 

which would be sufficient for generating detectable CEST MRI contrast. While the exact dC 

concentrations in the plasma or tissues were not measured in these studies, we still speculate 

that a mM concentration level of dCTP is achievable based on previously reported values of 

gemcitabine. For example, Peters et al reported that, in patients with refractory solid tumors 

who were infused with gemcitabine at a dose of 5700 mg/m2 (c.a. 154 mg/kg), the peak 

plasma concentration of gemcitabine was measured to be as high as 512 μM and the 

intracellular concentration of dFdCTP (the phosphorylated form of dFdC) in the tumor cells 

was measured to be of 1590 pmol/106 cells, corresponding to 3 mM (assuming the diameter 

of a tumor cell is 10 μm) (46), which is in good agreement with our in vitro NMR 

spectroscopic measurement (i.e., 1.361 nmol/106 cells). It should be noted that the calculated 

HED by scaling the BSA between different species is only an estimation of the safe starting 

dose for initial clinical studies(47) and the accurate determination of the safe dose of dC that 

can be used in human for an imaging purpose needs more insights into physiologic and 

pharmacokinetic data from animal models and humans.

It should be noted that the DCK activity is not the only reason for the dC/CTP accumulation 

in the tumor cells and the increase in CEST contrast. In fact, pharmacokinetics has to be 

taken into account as it determines how many dC molecules can be effectively delivered to 

the tumor. In our study, we used a dynamic imaging scheme to show that both types of 

tumors have similar initial uptake of dC, indicating the difference in tumor contrast was not 

caused by a difference in vascular permeability and perfusion. DCE-MRI using a 

commercial gadolinium agent, Gd(HP-DO3A), also revealed no significant difference in the 

Ktrans values, a measure of capillary permeability, of L1210-WT- and L1210–10K tumors 

(Fig. S6). Additionally, many other factors, including human equilibrative nucleoside 

transporter 1 (hENT1) (48), mitochondrial thymidine kinase (TK2) (49), and cytidine 

deaminase (CDA) (50), can affect the amount of dC/dCTP in cells, and consequently the 

apparent CEST signal. Therefore, caution has to be taken in the interpretation of dC-

enhanced CEST MRI results. On the other hand, it makes dC-enhanced CEST MRI versatile 

because it can be potentially used to detect the combination of these factors. Regardless, dC/

dCTP accumulation can be considered as an overall biomarker for effective drug 

accumulation in the tumor cells and thereby as a predictor for tumor responses. Our results 

confirm the correlation between the tumor resistance to gemcitabine and their low CEST 

contrast enhancement after dC injection. Further preclinical and clinical testing, however, is 

required to fully characterize the sensitivity and specificity of dC-enhanced CEST MRI to 

predict the tumor response to nucleotide-based chemotherapies, for instance those using 

dFdC and ara-C. For example, DCK activity should be monitored longitudinally in the 

course of gemcitabine treatment using both non-invasive CEST MRI and invasive methods 

such as Western Blot or immunohistochemistry so as to validate the utility of our method in 

measuring the acquired chemoresistance.

In summary, we developed a new “natural” MRI approach for detecting DCK enzymatic 

activity, in which its natural substrate dC was directly used as an MRI contrast agent to 

generate CEST signal enhancement in DCK(+) tumors cells without any additional chemical 
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labeling. We successfully demonstrated this approach in a mouse leukemia model implanted 

with both DCK(+) and DCK(−) tumors, confirming its ability to detect DCK activity and to 

predict the tumor response to chemotherapy. Using natural and currently approved drug 

analogs as MRI contrast agents has great potential to safely stratify patients for the 

appropriate treatment.
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Significance

A new molecular MRI method that detects deoxycytidine kinase activity using its natural 

substrate deoxycytidine has great translational potential for clinical assessment of tumor 

resistance and prediction of treatment efficacy.
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Fig. 1. Schematic illustration of CEST MRI detection of DCK activity using natural dC as the 
contrast agent.
dC and dCTP have different cell permeability- dC can diffuse across cell membrane freely, 

whereas dCTP cannot. In DCK(−) cells, the intracellular dC concentration will increase first 

as a result of the initial spike of the intravascular dC concentration after the systemic 

injection, followed by a quick decrease due to the efflux of dC from cells. Conversely, in 

DCK(+) cells, the influxed dC is phosphorylated to dCMP, which will be spontaneously 

converted to dCTP in the cells, leading to the accumulation of dCTP intracellularly. Because 

both dC and dCTP can be detected by CEST MRI by their amine protons, the intracellularly 

accumulated dCTP will result in an elevated CEST signal. Hence, one can use the increase 

of CEST signal at an extended time point after the injection of dC to quantify dCK activity 

and distinguish DCK(−) and DCK(+) tumor cells
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Fig. 2. In vitro CEST MRI detection of DCK activity.
(A) Chemical structures and CEST signal (Z-spectra (S/S0) and MTRasym plots) of the 

substrate (dC) and final product (dCTP) of dCK reaction, respectively. All solutions were 10 

mM (pH 7.4 and 37 °C) in PBS. (B) A representative light microscopic image of 

microcapsule-encapsulated cells (left), which were imaged in PBS buffer in 5 mm NMR 

tubes (right). (C) Western blot confirming the different DCK expression levels in L1210-WT 

and L1210–10K cells. β-actin was used as loading control. (D) T2-weighted (T2w) images 

and corresponding CEST images of microcapsule-encapsulated DCK(+) L1210-WT and 

DCK(−) L1210–10K after incubating in cell culture medium containing 5 mM dC for 12 

hours after washing three times using PBS. (E) Comparison of the MTRasym plots of the two 

types of cells in microcapsules after dC incubation. Error bars are the standard deviations of 
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the measurements. (F) MTRasym at 2 ppm of cell extracts of 1×107 L1210-WT and L1210–

10K cells (diluted to 50 μL in PBS pH 7.4), with or without dC incubation for 24h. *, 

p<0.05, n=3.
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Fig. 3. In vivo CEST MRI detection of DCK activity in tumors with different DCK activity in a 
representative mouse.
(A) Illustration of tumor inoculation position and imaging plane (blue dashed line). (B) 

Fluorescence images of CD31 and DCK staining of the L1210-WT and L1210–10K tumors, 

respectively. Green: CD31; Red: DCK; Blue: DAPI. Scale bar: 50 μm. (C) T2w image 

showing the locations of DCK (+) L1210-WT (left flank) and DCK(−) L1210–10K tumors 

(right flank) and an image showing three ROIs encompassing the two tumors and muscle. 

(D) Representative MTRasym maps at 2.0 ppm before and 60 minutes after the injection. (E) 

Overlay image showing the CEST contrast enhancement (ΔMTRasym) in the two tumors at 

60 minutes post-injection. ΔMTRasym is defined by MTRasym(t)-MTRasym(pre). (F) Mean 

ROI CEST signal (MTRasym plots) of pre- and 60 minutes post-injection (n=4).
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Fig. 4. Dynamic CEST MRI contrast in tumors with different DCK activity.
(A) Dynamic changes for the mean ΔMTRasym (2ppm) in the two tumors and muscle. Data 

are presented as mean±SEM of all the pixels within each ROI (n=4). (B) Overlay image 

showing the AUC (area under the curve) of the three regions over the period 0 to 60 minutes 

post-injection. (C) Comparison of the mean AUC (0–60 min) between DCK(+) tumors and 

DCK(−) tumors (n=4; two-tailed Student’s t-test, *: p<0.05). (D) Overlay image showing the 

AUC (area under the curve) of the three regions over the period 30 to 60 minutes post-

injection. (E) Comparison of the mean AUC (30 −60 min) between DCK (+) tumors and 

DCK (−) tumors (n=4; two-tailed Student’s t-test, *:p<0.05).
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Fig.5. Using dC-enhanced CEST MRI to stratify tumors with different DCK activity and to 
predict tumor response to gemcitabine.
Scatter plots of MTRasym values of four L1210-WT before (pre) and at 60 min after (post) 

injection of dC (A) and four L1210–10K (B) tumors. *: p<0.05. n.s.: not significant (two-

tailed paired Student’s t-test, n=4). (C) Treatment response to gemcitabine in L1210-WT and 

L1210–10K tumors as quantified by the tumor growth. Treatment (a single dose of 360 

mg/kg dFdC, i.p.) was carried out at day 7 after tumor inoculation (n=5 per group). (D) 

Correlation between the mean CEST (ΔMTRasym) and specific growth rate ln(volumeday11/
volumeday7)/5× 100% for L1210-WT and L1210–10K tumors respectively. Errors are the 

standard deviations of the measured ΔMTRasym (n=4) and tumor growth rate (n=5) among 

tumors. Red box: L1210-WT; blue box: L1210–10K.
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