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Abstract

Dynamic contrast enhanced (DyCE) fluorescence imaging was recently demonstrated for
identifying the organs in mice based on principal component analysis (PCA) of contrast Kinetics
following infusion of indocyanine green (ICG). It occurred to us that this approach could be used
to evaluate acute effects of vascular disrupting agents (VDAS), since these cause massive vascular
shutdown. As proof of principle, we have examined the action of combretastatin-A4P (CA4P) on
MCF7 human breast tumors growing in nude mice. Tumors were implanted in the thigh and
allowed to grow to about 7 mm diameter. Indocyanine green (ICG; 50 pl 260 uM) was
administered as a bolus by tail vein injection to anesthetized mice. The fluorescence time course
was acquired over 200 s using a sensitive charge-coupled device (CCD) camera system. CA4P was
then administered IP (120 mg/kg in 100 pl saline) and DyCE repeated following administration of
fresh ICG two and 24 hours later. At 2 hours the developed fluorescence intensity was much
reduced in the tumors indicating vascular impairment, which was confirmed histologically. After
24 hours there was considerable recovery. Good reproducibility was found for control mice and
normal organs. We believe the method shows promise for developing VDAs by evaluating and
optimizing therapeutic drug doses and combinations.
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INTRODUCTION

Vascular disrupting agents (VDASs) are a class of molecule causing selective acute vascular
damage in tumors and showing promise as therapeutic drugs.12 While several VDAs are
being evaluated in clinical trials new agents are being actively developed. Initial efficacy and
toxicity may be tested /n vitroand in cell culture, but a crucial step is evaluation in animal
models prior to translation to human subjects. Ideally non-invasive assays are applied and
indeed many imaging modalities have been success-fully exploited.3# Notably, dynamic
contrast enhanced MRI and CT have been applied in both small animals and humans.>-8
Recently, several other approaches have been demonstrated including dynamic
bioluminescence imaging (dBLI) fluorescencel? and ultrasound!! each using contrast
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agents, as well as near infrared spectroscopy,12 power-Doppler'3-14 or color-Dopplert®
ultrasound and optoacoustic imaging'8 based on blood flow or endogenous chromophores.
Each method has strengths and limitations and we have now explored the utility of dynamic
contrast enhanced fluorescent imaging to reveal vascular disruption.

Dynamic contrast enhanced (DyCE) fluorescent imaging was recently demonstrated for
identifying the organs in mice based on principal component analysis (PCA) of contrast
kinetics.17 It occurred to us that this approach could be used to evaluate acute effects of
VDAS, since these cause massive vascular shutdown and therefore perturb contrast agent
delivery. Combretastatin-A4 phosphate CA4P, also named (Zybrestat™ or fosbretabulin) is a
tubulin depolymerizing agent, which has been shown to cause acute vascular disruption in
tumors and has been extensively evaluated in mice, and rats and human clinical
trials.56.18-23 Reported side effects have included hypertension, tumor pain and occasional
cardiovascular toxicity.24 It has been stated that CA4P is tumor selective rather than specific
and the lack of specificity for tumor endothelium was highlighted by studies showing a
CA4-induced inhibition of the neovascularization of hyperplastic thyroids and retina,
suggesting that CA4P may be relevant to the treatment of some non-cancer diseases.2>
CAA4P has been reported to have a plasma half-life in mice of about 1.5 hours and half-life in
tumor of under 1 hr.26

As proof of principle, we have now examined the action of combretastatin A-4 phosphate on
MCF7 human breast tumors growing in nude mice using DyCE fluorescent imaging.

MATERIALS AND METHODS

Chemicals

CAA4P (Fig. 1; OxiGene, South San Francisco, CA) is a white solid, which was dissolved in
saline, sterile filtered and used immediately for injection (dosing solution concentration of
120 mg/kg). Matrigel was obtained from BD Biosciences (San Jose, CA). All other
chemicals were purchased from Sigma-Aldrich (St. Louis, MO), and were of standard
analytic grade or higher.

Cell Line and Animal Model

This study was approved by the UT Southwestern Institutional Animal Care and Use
Committee (APN #0464-04-32-1). Human breast cancer cell line MCF7 was obtained from
American Type Culture Collection (ATCC, Manassas, VA). The MCF7 cells were cultured
in DMEM-medium (custom formula D6046), which was supplemented with 10% FBS
(Invitrogen, Carlsbad, CA), 100 U/mL penicillin, 100 ug/mL streptomycin, 1% glutamine
and 1% pyruvic acid. The cells were cultured at 37 °C in a 5% CO, humidified incubator.
MCF7 (1 x 10%) cells were implanted subcutaneously with 10% Matrigel in the right flanks
of 15 female 6-8 week old nude mice (NCI, Frederick, MD).

DyCE Fluorescence Imaging

When tumors reached about 6-8 mm in diameter, DyCE fluorescence imaging was
performed using a Maestro imaging system (CRi Inc, Woburn, MA). Each mouse was
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maintained under general anesthesia (air and 2% isoflurane) and 50 u/indocyanine green
(Sigma, ICG; 260 &M or about 10 ug) was administered as a bolus by rapid manual tail vein
injection /n situ on the imaging bed of the Maestro. The epifluorescent signal time course
was observed over 200 s using a set of filters specifically for NIR imaging (excitation, 671—
705 nm; detection, 750 nm long pass filter) and 5 images were captured per second with
exposure time 50 ms. Following DyCE, CA4P (120 mg/kg in 100 pl saline) was
administered IP into each of 8 mice. DyCE was repeated following administration of fresh
ICG 2 hours later and again after 24 hours. As a control, saline (100 ul) was injected into an
additional cohort of mice (n = 7), repeating the same procedures.

Image Processing

Fluorescence images were processed with the Maestro software 2.10. The entire time course
of in vivo images for each mouse acquired before and at various times after injection of ICG,
was examined for quantification. The automated PCA analysis was performed to help
identify organs. Regions of interest corresponding to tumor and major organs were identified
and the signal evolution evaluated for the baseline, 2 hour and 24 hour data sets for both
CAA4P and control saline. For statistical comparison the total photon count for each region of
interest was normalized by comparison with a major blood vessel (identified in red in Figs.
2-5) based on maximum signal intensity and signal intensity at 200 s. Data were compared
using an analysis of variance (ANOVA) on the basis of Fisher’s PLSD tests.

Immunohistology

RESULTS

After imaging, one treated and one control mouse were injected in the tail vein with Hoechst
33342 perfusion marker dye (Invitrogen, Eugene, Oregon, USA, 10 mg/Kg). After 1 minute,
the mice were sacrificed and the tumors excised and embedded in Tissue-Tek OCT (Miles
Laboratory, Elkhart, IN) and stored at — 80 °C. Cryosections (6 xm) were cut and fixed with
4% paraformaldehyde for 15 min. at room temperature. After blocking with normal goat
serum for 30 min. the slides were incubated with primary rat-anti-mouse CD31 anti-body
(1:1600, BD Pharmingen, USA) overnight at 4 °C. Slides were rinsed three times at 5
minute intervals with PBS and incubated with Alexa Fluor 488 goat anti-rat antibody
(1:2000, Molecular Probes, Eugene, OR) for two hours in the dark. Microscopy used an
LSM 510 Meta confocal microscope (Carl Zeiss Microscopy, Germany).

Prior to infusing ICG, there was little fluorescent signal except for a bright region, which we
attribute to food (Fig. 2). Upon infusing ICG there was rapid evolution of signal consistent
with heart, major blood vessels, and brain, which progressively spread throughout the body
and then tended to accumulate in the liver. As expected principal component analysis of the
ICG pharmacokinetics revealed distinct tissues, including tumor, liver, kidneys, and major
blood vessels (Fig. 2) and differential contrast kinetics were apparent (Fig. 3). Background
signal indicates variation in signal over lower abdomen, which did not seem to be associated
with a specific organ and presumably represents capillary bed in skin. The maximum signal
observed in the liver was significantly greater than for the tumor (p<0.001). Two hours after
administration of the VDA CA4P IP at 120 mg/kg, much less fluorescence was seen in the
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tumor following administration of fresh ICG Figs. 2 and 3). The individual tumors showed
consistent response with at least 40% (typically, 70%) reduction in emitted signal intensity
at 2 hours (Figs. 2 and 3). Comparison of the maximum signal intensity or signal intensity
100 s after ICG infusion showed a significant decrease (p <0.05) for the group of five
tumors where consecutive IV infusion was successful. After 24 hours some tumors showed
recovery of signal enhancement, though it was often little different compared with the 2 hour
time point. Curves show differential variation in tissue signal intensity over a period of 200 s
following ICG infusion. Other organs showed relatively consistent dynamic signal patterns
at each time point. For animals receiving control saline the signal dynamics tended to be
quite consistent for all tissues including tumor (Figs. 4 and 5). There was a significant
difference between the signal intensity of the group of tumors receiving drug, versus those
receiving saline at 2 hrs (p <0.001). At baseline the two groups showed no significant
difference (p >0.46).

Tumor vascular density and perfusion were confirmed using anti-CD31 staining (green,
tumor vasculature marker) and distribution of Hoechst 33342 (blue, perfusion marker) (Fig.
6). The control tumors showed extensive well perfused vasculature at baseline and following
administration of saline, without any significant changes in the fluorescence intensity of
CD31 staining and Hoechst distribution (p >0.05) (Fig. 6). For CA4P treated tumors, blood
vessels were found to be distributed throughout the tumor based on anti-CD31 staining at
each time point with no significant change (p >0.05), but the fluorescence intensity and
distribution of Hoechst perfusion marker were significantly lower following CA4P,
particularly at the 2 hour time point, with only about 15% of baseline values (¢ <0.01, Fig.
6), though with recovery at the 24 hour time point (64%, p >0.05).

DISCUSSION

DyCE based on principal component analysis revealed differential ICG distribution and
signal kinetics. The kinetics were reproducible and quite similar for each tumor, but showed
a significant decrease 2 hours after administration of the vascular disrupting agent CA4P, as
expected. Other organs showed little variation revealing the selective activity of the VDA
non-invasively.

The development of commercial small animal optical imaging instruments has facilitated
routine investigations of fluorescent and bioluminescent reporters, most notably in terms of
tumor growth. However, more specialist applications include Hillman’s development of
DyCE, 1727 which reveals multiple organs in nude mice and has stimulated several studies
of ICG pharmacokinetics. Notably, Amoozegar er a8 examined liver damage in nude mice
following carbon tetrachloride administration and established correlation between ICG
uptake in the liver visualized by DyCE and plasma alanine aminotransferase (ALT)
concentration, which is a traditional biomarker. Lee er a/2° presented a preliminary report of
dynamic fluorescent imaging to monitor the anti angiogenesis response to bevacizumab in
human Ewing sarcoma xenografts in nude mice. Ku er a/.3 revealed acute regional cerebral
ischemia in mice subject to middle cerebral artery occlusion.
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Valentini et a/10 reported a somewhat similar study to that presented here, specifically using
optical assessment of ICG to reveal the acute effects of the VDA ZD6126. They examined
both epifluorescence and time correlated single photon counting (TCSPC) using a lab-built
system. They reported that optical absorption and ICG fluorescence measured with the
TCSPC apparatus in transmittance geometry did not provide robust differentiation between
control and treated groups, but epifluorescence showed significantly lower emission from
treated tumors compared with control mice 3 hrs after administering the VDA. They
compared separate cohorts of mice at each time point, as opposed to the repeated
longitudinal dynamics used here and they also used a larger injection volume (300 pl with 30
ug ICG vs. 50 pl with 10 uglCG). We have used ICG to reveal altered perfusion, but in
principle other fluorescent markers could be applied. A recent study demonstrated the use of
DyCE to examine uptake of 800CW labeled deoxyglucose in brain tumors following 1V
infusion 31 and presumably, such uptake would be impaired by a VDA.

Optical imaging is attractive since it is relatively cheap, easy to implement and allows high
throughout, as well as avoiding the radiation associated with CT or radionuclide tracers.
However, optical imaging is often limited to surface tissues and spatial resolution is
generally poor. ICG is an attractive tracer since it is FDA approved and is used in humans
offering the potential for clinical assessment of VDA activity.32

The major drawback of DyCE for evaluating VDA is the need for IV injection. Sequential
measurements are sufficiently separated (0, 2, 24 hrs) that it is impractical to leave an
implanted catheter in mice, but repeated tail vain injections are technically challenging. We
achieved a success rate of 10 of 15 for the second injection at two hours and four of 15 for a
successful third injection, but this difficulty is also encountered for many MRI and
radionuclide imaging approaches. In this respect, we have found dynamic bioluminescent
imaging (dBL1I) to be useful, since luciferin may be injected subcutaneously, and the
dynamic evolution of light emission from a tumor correlates with VDA activity.#9:14 Of
course BLI requires cells to be transfected to express luciferase, and while these are widely
available, it limits the ability to work with spontaneous tumors or primary tumor xenografts.

CONCLUSION

We have demonstrated a further application of DyCE to probe tumor vasculature non-
invasively and reveal the effects of a vascular disrupting agent. DyCE provides a facile non-
invasive non-radioactive approach with a clinically acceptable reporter molecule, ICG,
adding to the armamentarium of the imaging scientist.
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Figure 2.
Dynamic Fluorescent Imaging of ICG infusion with respect to CA4P. Top row: Series of

images showing fluorescence intensity at various times after infusion of ICG in the tail vein
of nude mouse with MCF7 human breast tumor xenograft in right thigh. At every time point
including pre-ICG infusion, there was a bright region in the abdomen, which we attribute to
intense auto fluorescence from food. Color overlay at right shows tissue regions identified
by principal component analysis of the signal intensity variation following ICG infusion (50
1, 260 uM). Distinct regions were identified as tumor (green), liver (blue), main vasculature
(red), kidneys (light blue) and vessel supplying tumor (yellow). Middle row: Corresponding
images obtained from same mouse following administration of fresh ICG 2 hrs after
administration of CA4P (120 mg/kg in saline 100 pl IP). Bottom row: Corresponding images
24 hrs later.
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Dynamic fluorescent Imaging of ICG infusion for control mouse. Data similar to Figure 2,

but for control mouse with respect to infusion of saline.
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treatment. Data similar to Figure 4, but for control mouse with infusion of saline
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Histological confirmation of vascular extent and shutdown following CA4P. Upper row:
CAA4P treated tumors; lower row: saline controls. Baseline, 2 hours and 24 hours, after drug
or saline, tumors excised and frozen 1 minute after infusion of Hoechst 33342 dye IV. Blue:
Hoechst 33342, green: CD31.
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