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Abstract

Purpose—Vascular disrupting therapy of cancer has become a promising approach not only to 

regress tumor growth directly but also to boost the delivery of chemotherapeutics in the tumor. An 

imaging approach to monitor the changes in tumor vascular permeability, therefore, has important 

applications for monitoring of vascular disrupting therapies.

Methods—Mice bearing CT26 subcutaneous colon tumors were injected intravenously with 150 

kD dextran (Dex150, diameter, d~ 20 nm, 375 mg/kg), tumor necrosis factor-alpha (TNF-α; 1 μg 

per mouse), or both (n = 3 in each group). The Z-spectra were acquired before and 2 h after the 

injection, and the chemical exchange saturation transfer (CEST) signals in the tumors as quantified 

by asymmetric magnetization transfer ratio (MTRasym) at 1 ppm were compared.

Results—The results showed a significantly stronger CEST contrast enhancement at 1 ppm 

(ΔMTRasym = 0.042 ± 0.002) in the TNF-α-treated tumors than those by Dex150 alone 

(ΔMTRasym = 0.000 ± 0.005, P = 0.0229) or TNF-α alone (ΔMTRasym = 0.002 ± 0.004, P = 

0.0264), indicating that the TNF-α treatment strongly augmented the tumor uptake of 150 kD 

dextran. The MRI findings were verified by fluorescence imaging and immunofluorescence 

microscopy.

Conclusions—High molecular weight dextrans can be used as safe and sensitive CEST MRI 

contrast agents for monitoring tumor response to vascular disrupting therapy and, potentially, for 

developing dextran-based theranostic drug delivery systems.
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1 | INTRODUCTION

There is great interest in the development of tumor vascular-targeting therapies, either by 

normalizing the vasculature,1,2 inhibiting the production of neovessels (anti‐angiogenesis),
3–5 or destroying existing vessels (vascular disrupting therapy).6,7 For instance, 

combretastatin A4 phosphate (CA4P),8 is now being investigated in phase II/III clinical 

trials for advanced ovarian cancer, Non‐small cell lung cancer (NSCLC), and anaplastic 

thyroid cancer.9,10 In addition to being used in stand-alone manner, vascular-targeting 

therapy can also be an attractive strategy to enhance the drug delivery to hypo-permeable 

tumors. It has been shown that an increased efficacy of traditional chemotherapeutic agents 

or nanoparticles can be achieved when a vascular-targeting therapy is used as a co-treatment.
3,4,11,12 Considering the heterogeneity of tumors, and thus the heterogeneous responses to 

interventions, clinical outcomes would benefit greatly from imaging approaches that can 

monitor the tumor response during and after treatment.13 Several MRI methods are being 

used for the evaluation of tumor responses to anti-vascular therapies, including dynamic 

contrast-enhanced MRI (DCE-MRI),14,15 diffusion-weighted imaging.16,17 intravoxel 

incoherent motion diffusion-weighted imaging,18 and 19F MRI.19,20 Clinically, DCE-MRI is 

considered particularly useful in assessing the changes in perfusion and permeability in the 

tumor bed.21,22 However, concerns have recently been raised about its frequent and 

repetitive use on patients due to Gd deposition in tissues.23,24 Therefore, the development of 

alternative MR molecular imaging modalities for monitoring tumor response is needed.

In a recent study,25 we proposed to assess tumor vascular permeability using nonlabeled 

dextrans as imaging probes that can be detected by an emerging approach called chemical 

exchange saturation transfer (CEST) MRI,26–29 and named it dexCEST. Dextran is a family 

of natural polysaccharides that have CEST MRI contrast originating from hydroxyl protons, 

enabling detection without the need for chemical modification with radioactive or metallic 

labels. Moreover, dextrans are polymers composed of tens to thousands of glucose units, 

providing a greatly boosted sensitivity for in vivo applications, such as imaging of prostate-

specific membrane antigen.30 Because dextrans are available in a variety of different 

molecular sizes, dexCEST MRI has the potential to characterize differential vascular 

permeability of tumors to particles in different size ranges.25 Dextrans are available in 

clinical-grade for intravenous injection, which have a proven safety profile,31 allowing 

repeated use without fear of accumulation and toxicity. Hence, dexCEST MRI potentially is 

a safe and translatable molecular imaging method.

In the present study, we aimed to explore the potential application of dexCEST MRI for 

monitoring of changes in vascular permeability in response to vascular disrupting therapies. 

In this first demonstration, we adapted a well-documented vascular disrupting agent, tumor 

necrosis factor-alpha (TNF-α),6,7 as the model treatment. Systemic administration of high-

dose TNF-α results in selective destruction of tumor-associated vessels, but not those of 

normal tissues.32 As a result, the administration of TNF-α can greatly increase the pore size 

of the tumor-associated vessels, resulting in a markedly enhanced tumor uptake of 

macromolecules33 and nanoparticles7 (Figure 1A). We hypothesized that high molecular 

weight (MW) dextrans, such as 150 kD (Dex150, diameter, d~ 20 nm; Figure 1B), whose 
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particle size is larger than the cut-off of the vessel pore size of “normal” tumors, can be used 

to detect the response of blood vessels to a treatment.

2 | METHODS

2.1 | Chemicals

Dex150 was purchased from Sigma (St. Louis, MO) and fluorescein-labeled 150 kD dextran 

(Dex150-FITC) were purchased from Invitrogen-Life Technologies (Carlsbad, CA).

2.2 | Animals

All animal studies were approved by the institutional animal care and use committee of 

Johns Hopkins University. Mice bearing subcutaneous CT26 colon tumors were prepared 

using a standard procedure described previously.7,34 In brief, 5 × 105 CT26 cells were 

injected subcutaneously into the right flank of female BALB/c mice (female, 6 weeks old, 

Harlan Breeders) and grown for ~14 days to reach a size of > 350 mm3.

2.3 | MRI

In vitro CEST images were acquired on a 9.4T Bruker Avance system equipped with a 15 

mm sawtooth radiofrequency coil using the previously published protocol.29,35,36 In brief, a 

modified RARE sequence (repetition time = 6.0 s, effective echo time = 43.2 ms, RARE 

factor = 16, slice thickness = 0.7 mm, field of view = 14 × 14 mm, matrix size = 128 × 128 

with partial FT acceleration to 128 × 64, resolution = 0.11 × 0.11 mm2, and number of 

averages = 2) including a magnetization transfer (MT) module (1 CW pulse, B = 3.6 μT [150 

Hz], 3 s) was used to acquire CEST-weighted images from −4 ppm to 4 ppm (step = 0.2 

ppm) around the water resonance (0 ppm),36 total acquisition time = 32.8 min (including M0 

image). The absolute water resonance frequency shift was measured using the modified 

WAter Saturation Shift Reference (WASSR) method37 using a Lorentzian model.36,38 The 

same parameters as in CEST imaging were used except repetition time = 1.5 s, tsat = 500 ms, 

B1 = 0.5 μT (21.3 Hz) and the saturation frequency swept from −1 ppm to 1 ppm (step = 0.1 

ppm), total acquisition time = 2.1 min.

In vivo MR studies were carried out on a Biospec 11.7T horizontal MRI scanner equipped 

with a 23 mm mouse brain volume coil. MR images were acquired before and 2 h after the 

intravenous injection of, (A) Dex150 (100 μL in saline solution, 375 mg/kg body weight); 

(B) TNF-α (1 μg per mouse, 10 μg/mL in phosphate buffered saline (PBS) containing 0.1% 

(w/v) bovine serum albumin) as described previously.7 or (C) Dex150 and TNF-α (total 

injection volume = 200 μL). Three mice were randomly selected for each group. Full Z 

spectra were acquired by sweeping the saturation offsets from −3 ppm to +3 ppm (step size 

0.2 ppm) using a fat-suppressed RARE sequence with a continuous wave presaturation pulse 

of B1 = 1.8 μT and 3 s with acquisition parameters: TR/TE = 5000/5 ms, RARE factor = 10, 

number of averages = 2, slice number = 1, slice thickness = 1 mm, matrix size = 64 × 64 

with partial FT acceleration to 64 × 40, field of view = 25 mm × 25 mm2, total acquisition 

time = 20.7 min. It should be noted that a weaker B1 (i.e., 1.8 μT) was used for in vivo 

studies than that used for in vitro studies (i.e., 3.6 μT) to reduce the unwanted saturation 

caused by the MT effect.25,30 To correct B0 inhomogeneity, WASSR-based B0 maps 
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(acquisition time = 2.1 min) were acquired before and after CEST acquisition as described 

previously.25,30

Data were processed using custom-written MATLAB scripts. After correcting for B0 

inhomogeneity, the CEST contrast was quantified by the asymmetric magnetization transfer 

ratio (MTRasym) = (S−Δω – S+Δω)/S0 at 1 ppm, where S[−Δω, +Δω] are the water signal 

intensity in the presence of saturation pulses at offsets ±Δω, and S0 is the water signal 

intensity in the absence of saturation pulses.

2.4 | Fluorescence imaging

Both in vivo and ex vivo fluorescence imaging was performed and analyzed with a 

Spectrum/CT IVIS® in vivo imaging system using the Living Image® software 

(PerkinElmer, Waltham, MA). For in vivo and ex vivo fluorescence imaging, mice (n = 3) 

were first injected with either Dex150-FITC (200 mg/kg body weight) alone or the 

combination of Dex150-FITC and TNF-α (1 μg per mouse). Fluorescence images were 

acquired at 2 h after the injection. Fluorescence signal (exc/emi = 492/518 nm) was 

quantified as radiant efficiency.

2.5 | Immunofluorescence microscopy

For immunofluorescent staining of CD31, CD31 rat anti-mouse mAb (Life Technologies, 

Inc.), and Alexa Fluor® 594 goat anti-rabbit IgG (H+L) antibody (Life Technologies, Inc.) 

were used as primary and secondary antibodies, respectively. Briefly, sections were blocked 

with 10% goat bovine serum albumin for 30 min, followed by overnight incubation at 4 °C 

with the primary antibody and 45 min at 4 °C with the secondary antibody. After each step 

slides were washed with PBS. Fluorescent images were taken with a Zeiss Axiovert 200 

base microscope.

2.6 | Statistical analysis

The data were expressed as means ± standard deviation and analyzed by a 2-tailed unpaired 

Student’s t test. Differences were considered significant when P < 0.05.

3 | RESULTS

Based on the previous reports on the plasma half-life time of Dex150,39,40 we chose 2 h to 

assess the post-injection contrast enhancement. As shown in Figure 2, the injection of 

Dex150 alone generated negligible contrast enhancement in the tumor, with the mean 

MTRasym (1 ppm) = 0.035 ± 0.014 and 0.034 ± 0.018, for before and after the injection, 

respectively (P = 0.9757, paired 2-tailed Student’s t test, n = 3), indicating that the Dex150 

has limited permeability to the vasculature in untreated tumors. In contrast, in mice treated 

with TNF-α (Figure 3), Dex150 could result in a significant CEST contrast enhancement in 

the tumor, with the mean MTRasym (1 ppm) = 0.022 ± 0.010 and 0.064 ± 0.010, for before 

and after the injection, respectively (P = 0.0163, paired Student’s t test, n = 3), which equals 

to a relative 190% increase. The comparison of MTRasym plots pre- and postinjection of 

Dex150 clearly revealed the contrast enhancement pattern similar to that of Dex150 in 

solution with the maximum contrast occurring at around 1 ppm (Figure 3B).
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To confirm the increases in CEST contrast were not induced by the effect of TNF-α, we also 

measured the CEST contrast before and after the injection of TNF-α alone. As shown in 

Figure 4, the injection of TNF-α alone did not generate detectable CEST contrast 

enhancement, i.e., the mean MTRasym (1 ppm) = 0.042 ± 0.008 and 0.043 ± 0.011 before 

and after the injection, respectively (P = 0.8310, paired 2-tailed Student’s t test, n = 3). It 

should be noted that there was a noticeable variation in the background (preinjection) CEST 

MRI signal, likely attributable to both the individual difference, such as the size and status of 

tumors, and variation of MRI parameters (e.g., B1) for scans performed on different days.

Figure 5 summarized the average CEST contrast enhancement (quantified by ΔMTRasym at 

1 ppm) in each group. The results showed that the average CEST contrast enhancement in 

the TNF-α + Dex150 group was 0.042 ± 0.002, which was significantly higher than that by 

either Dex150 alone (ΔMTRasym = 0.000 ± 0.005, P = 0.0229, unpaired 2-tailed Student’s t 

test, n = 3), or TNF-α alone (ΔMTRasym = 0.002 ± 0.004, P = 0.0264, unpaired 2-tailed 

Student’s t test, n = 3).

To validate the MRI findings, we performed fluorescence imaging on mice injected with the 

fluorescence labeled dextran, Dex150-FITC. As shown in Figure 6A, both in vivo and ex 

vivo fluorescence imaging results revealed that injection of TNF-α markedly augmented the 

tumor uptake of Dex150-FITC as revealed by the stronger fluorescence signal in these 

tumors. The extravasation of Dex150-FITC into the tumor extravascular space was 

confirmed by immunohistochemistry of the tumor sections (Figure 6B), in which the co-

localization of blood vessels (anti-CD31, red) and Dex150-FITC (green) clearly shows that 

dextrans passed into tumor parenchyma upon the treatment with TNF-α.

4 | DISCUSSION

We demonstrated that dexCEST MRI can be used as a noninvasive imaging tool to monitor 

the changes in the tumor permeability in response to a vascular disrupting agent, exemplified 

by TNF-α. These results suggest that dexCEST MRI has potential as a new image-guidance 

tool for monitoring the tumor response to vascular-disrupting therapy and most likely also 

cancer stroma-depleting therapy.41 One important application of these 2 types of therapy is 

to boost the efficacy of chemotherapy by increasing the drug delivery in otherwise hypo-

permeable solid tumors.3,4,11,12 The dextran-based MRI method is expected to be useful 

because many drugs are in the macromolecular size range (i.e., monocolonal antibodies) and 

nano-size range (nanomedicine). Thus, using large size dextrans (e.g., Dex150 ~ 20 nm) as 

the MRI agents allows the direct monitoring of the changes in tumor permeability in the 

large size range, providing an indispensable advantage over the conventional Gd-based 

contrast agent (e.g., Gd-DTPA, MW = 547, d < 1 nm). We, therefore, expect that dexCEST 

MRI can greatly facilitate the preclinical development and clinical implementation of 

vascular- and stroma-targeting therapies in a personalized medicine manner.

The dexCEST MRI method uses only high MW natural dextrans as imaging probes, which 

eliminates the need for paramagnetic metals such as Gd. Therefore, upon translations, it is 

expected to allow frequent use on patients without serious safety concerns.42,43 Dextran has 

been used in the clinic as an injectable agent for more than 6 decades, with a well-proven 

Chen et al. Page 5

Magn Reson Med. Author manuscript; available in PMC 2020 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



safety profile even at very high doses.31 This outstanding safety profile will greatly 

accelerate the speed of translating the proposed technology and protocol to the clinic. 

Second, the sensitivity of high MW dextrans is higher than that of small molecules. 

According to our previous study,25 the detectability (defined as the minimal concentration of 

a contrast agent to generate 5% signal change) of Dex150 at physiological pH is only 3.2 

μM per dextran molecule (3 mM per glucose), indicating an approximately 1000 times 

higher sensitivity enhancement as compared to its monomer glucose.

One potential application of the proposed dexCEST MRI is to optimize the time window to 

administer chemotherapeutic agents after an antivascular treatment is given in each 

individual patient. Consistent with previous studies,44,45 our results showed that the 

enhanced permeability in tumor vasculature, hence the tumor uptake of dextrans, is highly 

time-dependent. High MW dextrans have a long plasma lifetime, which will allow repetitive 

CEST MRI assessments over a prolonged period of time after a single injection. For 

example, our results showed that the dexCEST enhanced-MRI could be acquired at 2 h after 

the injection of Dex150. It has been shown that high MW dextrans (e.g., 150 kD) can remain 

in the blood circulation for hours.40,46 In principle, the circulating high MW dextrans will be 

permeable to tumor only after the pore size of the tumor vasculature is increased to be 

sufficiently large. This thus makes high MW dextrans more powerful than some radioactive 

imaging agents that may have short half-lives. As a result, simply by observing the change 

of the CEST MRI signal in the tumor at different time points after a single injection, one can 

determine when the vascular disrupting treatment starts to be effective. Thus, dexCEST MRI 

has potential as a novel noninvasive tool for determining the optimal time window of 

vascular disrupting treatments, at which the enhancement of the tumor uptake of 

chemotherapeutic agents, especially nanoparticles, can be maximized.

One potential drawback in the application of CEST signal of hydroxyl proton is its relatively 

small chemical shift (~ 1 ppm) that can be possibly ‘contaminated’ by endogenous CEST 

species. Using a dynamic CEST MRI acquisition scheme can measure specifically the 

changes in dexCEST signal at 1 ppm by normalizing the background CEST signal generated 

by endogenous molecules.25 Thus, the background OH signals in the tissue are subtracted 

and will not cause errors in the MRI quantification of tumor uptake of dextrans. However, 

this method requires the subject staying still in the scanner for a long time. As a practical 

alternative, in our study we used another much simpler steady state imaging scheme, in 

which the pre- and post-dexCEST contrast were compared. Our results clearly showed that 

this steady state imaging scheme could reliably detect the enhancement of dextran uptake in 

the tumor, providing a practical way to assess the treatment responses. However, imaging at 

2 time points with a long delay between scans (i.e., 2 h) may substantially increase the 

difficulty for quantitatively assessing the changes in vascular permeability. For instance, 

multislice acquisitions and co-registration in the postprocessing are required to match the 

images pre- and postinjection for removing the background CEST signal accurately.

One of the potential challenges for clinical application of dexCEST MRI is the 

quantification in rather heterogeneous tumors, where tissue T1 and pH may be greatly 

variable and confound CEST quantification. To overcome the confounding effect of T1, a 

quantitative analysis method called AREX47 can be used, which has been demonstrated to 
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effectively compensate for the T1 effect.38,47 However, our results (Figure 4) showed that 

neither the treatment of TNF-α nor the injection of dextrans led to a significant change in 

the endogenous CEST contrast, suggesting that there was no T1 change that would have 

caused endogenous CEST to change. Therefore, we did not use the AREX method in our 

study. Moreover, a recent study by Zu et al48 showed that MTRasym is less dependent on T1 

at low magnetic fields when high B1 pulses are used, suggesting T1 compensation methods 

may not be necessary in the clinical applications of dexCEST. As shown in our previous 

study, the dexCEST contrast dramatically increases when pH decreases from pH 8.0 to pH 

6.5 due to the fact that the decreased water exchange rate of OH at the lower pH is in the 

intermediate to fast exchange regime and favorable for CEST contrast enhancement.49,50 

While this dependency on pH may complicate accurate quantification of dexCEST due to 

the presence of compartments with different pHs, considering that tumors often have an 

acidic extracellular tumor microenvironment,51–53 a higher contrast enhancement at acidic 

pH is an advantage for applications in tumors.

5 | CONCLUSIONS

In summary, we developed a novel MRI method for monitoring the changes in the tumor 

vascular permeability upon anti-vascular treatment and illustrate this for TNF-α application. 

In this approach, natural high MW dextrans are used as imaging agents that can be detected 

by CEST MRI without the need for synthetic labeling. Our results suggest that dexCEST 

MRI has the potential to facilitate the preclinical development and clinical implementation 

of vascular- and stroma- targeting therapies in a personalized medicine manner.
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FIGURE 1. 
Illustration of using dexCEST MRI to monitor the tumor responses to antivascular therapies. 

A, Schematic of the effect of antivascular therapies such as TNF-α on the extravasation of 

dextran molecules. The picture on the left shows a “normal” vessel around tumor cells, 

consisting of endothelial cells but lacking pericyte coverage. While it has greater 

permeability than healthy vessels, molecules larger than the pore size cannot easily pass. 

Upon TNF-α treatment, as shown in the picture on right, tumor endothelial cells are 

selectively damaged by TNF-α, resulting in an enormous augmentation of vessel 

permeability and strong extravasation of large molecules in the tumor. B, Chemical structure 

of Dex150. C, CEST characteristics of Dex150 in PBS as shown by the Z spectrum and 

MTRasym plot of 3.6 mg/mL mM Dex150 (20 mM per glucose unit or 24 μM per dextran 

molecule, in 10 mM PBS, pH = 7.3). CEST MRI was performed using a 4-s-long CW 

radiofrequency pulse (B1 = 3.6 μT) at 37°C
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FIGURE 2. 
DexCEST contrast enhancement in CT26 tumors before and 2 h after the administration of 

Dex150. A, From top to bottom, T2w anatomical images with tumors indicated by the 

yellow arrows (top), dexCEST parametric maps (middle), and overlaid images showing the 

dexCEST signal within the tumors (bottom) of the representative mice before and 2 h after 

the injection of Dex150. B, Corresponding MTRasym plots before and after injection. C, 

Mean pre- and post-dexCEST contrast in the tumors (n = 3)
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FIGURE 3. 
DexCEST contrast enhancement in CT26 tumors before and 2 h after the administration of 

Dex150 and TNF-α. A, From top to bottom, T2w anatomical images with tumors indicated 

by the yellow arrows (top), dexCEST parametric maps (middle), and overlaid images 

showing the dexCEST signal within the tumors (bottom) of the representative mice before 

and 2 h after the injection of Dex150 and TNF-α. B, Corresponding MTRasym plots before 

and after injection. C, Mean pre- and post-dexCEST contrast in the tumors (n = 3)
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FIGURE 4. 
DexCEST contrast enhancement in CT26 tumors before and 2 h after the administration of 

TNF-α. A, From top to bottom, T2w anatomical images with tumors indicated by the yellow 

arrows (top), dexCEST parametric maps (middle), and overlaid images showing the 

dexCEST signal within the tumors (bottom) of the representative mice before and 2 h after 

the injection of Dex150 and TNF-α. B, Corresponding MTRasym plots before and after 

injection. C, Mean pre- and post-dexCEST contrast in the tumors (n = 3)
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FIGURE 5. 
Comparison of CEST signal changes in mice injected with Dex150, TNF-α, and the 

combination of Dex150 and TNF-α (n = 3 each group)
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FIGURE 6. 
Fluorescence validation. A, Fluorescence imaging of Dex150-FITC in the tumor. The top 

panel shows the images of 2 representative mice, with and without TNF-α treatment, 

respectively, at 2 h after Dex150-FITC injection; the middle panel is the corresponding ex 

vivo images of excised tumors; and the bottom panel is the bar plot of the average 

fluorescence intensities in the tumors receiving saline, Dex150 and Dex150+TNF-α, 

respectively. B, Fluorescence microscopic images of DAPI (top), CD31 (middle) and 

Dex150 (bottom), respectively
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