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In molecular imaging, positron emission tomography (PET) and optical imaging (Ol) are two of the most important and thus most widely used
modalities'™. PET is characterized by its excellent sensitivity and quantification ability while Ol is notable for non-radiation, relative low cost,
short scanning time, high throughput, and wide availability to basic researchers. However, both modalities have their shortcomings as well. PET
suffers from poor spatial resolution and high cost, while Ol is mostly limited to preclinical applications because of its limited tissue penetration
along with prominent scattering optical signals through the thickness of living tissues.

Recently a bridge between PET and Ol has emerged with the discovery of Cerenkov Luminescence Imaging (CLI)4'6. CLI is a new imaging
modality that harnesses Cerenkov Radiation (CR) to image radionuclides with Ol instruments. Russian Nobel laureate Alekseyevich Cerenkov
and his colleagues originally discovered CR in 1934. It is a form of electromagnetic radiation emitted when a charged particle travels at a
superluminal speed in a dielectric medium’®. The charged particle, whether positron or electron, perturbs the electromagnetic field of the
medium by displacing the electrons in its atoms. After passing of the disruption photons are emitted as the displaced electrons return to the
ground state. For instance, one 8 decay was estimated to produce an average of 3 photons in water®.

Since its emergence, CLI has been investigated for its use in a variety of ?reclinical applications including in vivo tumor imaging, reporter gene
imaging, radiotracer development, multimodality imaging, among others*>*1%"" The most important reason why CLI has enjoyed much success
so far is that this new technology takes advantage of the low cost and wide availability of Ol to image radionuclides, which used to be imaged
only by more expensive and less available nuclear imaging modalities such as PET.

Here, we present the method of using CLI to monitor cancer drug therapy. Our group has recently investigated this new application and validated
its feasibility by a proof-of-concept study12. We demonstrated that CLI and PET exhibited excellent correlations across different tumor xenografts
and imaging probes. This is consistent with the overarching principle of CR that CLI essentially visualizes the same radionuclides as PET. We
selected Bevacizumab (Avastin; Genentech/Roche) as our therapeutic agent because it is a well-known angiogenesis inhibitor™®'*. Maturation of
this technology in the near future can be envisioned to have a significant impact on preclinical drug development, screening, as well as therapy
monitoring of patients receiving treatments.

Video Link

The video component of this article can be found at http://www.jove.com/video/4341/

Protocol

1. Tumor Model

1. Culture H460 cells (American Type Culture Collection) in RPMI 1640 medium supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin (Invitrogen Life Technologies). It should be noted that the choices of cell lines, culture mediums, locations of inoculation, number
of xenografts per mouse, and other considerations are all to be tailored to the goals of a particular study. Here we will only present one
specific project design to serve as an illustration.

2. Maintain cell lines in a humidified atmosphere of 5% CO, at 37 °C and change to fresh medium every other day.

3. When a 75% confluent monolayer of cells is formed, detach the monolayer with trypsin and dissociate cells into a single-cell suspension for
further cell culture.

4. Suspend approximately 1 x 10° H460 cells in phosphate-buffered saline (PBS; Invitrogen) and implant subcutaneously in both left and right
shoulders of nude mice (female athymic nude mice (nu/nu), 4 - 6 weeks old, Charles River Laboratories, Inc.).

5. Allow tumors to grow to 150 - 200 mm?®. It takes approximately 2 weeks for H460 tumor xenografts to grow to this size. Standard caliper
measurement is carried out to track tumor sizes.

6. When tumors reach the ideal size the tumor bearing mice are now ready for treatment and in vivo imaging via both PET and CLI.
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2. PET

1. Perform the PET studies according to this schedule or any variation of it depending on the specific project (Figure 1)12. A number of factors
could influence the design of the schedule, including, but not limited to, choice of tumor xenograft cell lines, anticancer drugs, and dosing
regimens. Here we will only present one specific imaging schedule. The CLI studies are to be performed according to the same schedule
as those of the PET studies, with CLI performed immediately after the corresponding PET. It should be also noted here that the purpose of
the PET studies is mainly for validation of the CLI results. For common users who just wish to use Ol instruments for imaging radiolabeled
probes, no PET is necessary. However, if one does desire PET validation it should be stressed that PET and CLI instruments must be located
within very close proximity for the validation to be successful because of the short half life of 8¢ (109.77 min).

2. Divide mice into treatment and control groups (n = 3 each). Treat mice in the treatment group with 2 injections of bevacizumab of 20 mg/kg at
days 0 and 2. Day 0 is defined by the first injection. Note that at Day -1 a pre-scan should be performed via both PET and CLI.

3. Small-animal PET of tumor-bearing mice is to be performed with an R4 rodent model scanner (Siemens Medical Solutions USA, Inc.).

4. Anesthetize all mice with 2% isoflurane (Aerrane; Baxter) and inject with 3'-deoxy-3'-18F-fluorothymidine (18F-FLT; 7.3-8.0 MBq [198 - 215
pCi]) via the tail vein. The PET probe is to be diluted in PBS before injection.

5. After 1 hr, anesthetize mice again and place anesthetized mice prone and near the center of the field of view of the small-animal PET
scanner.

6. Obtain three-minute static scans and reconstruct the images by a 2-dimensional ordered-subsets expectation maximum algorithm.
Background correction is not necessary.

7. Draw regions of interest (ROls; 5 pixels for coronal and transaxial slices) over the tumors on the decay-corrected whole-body coronal images.
Obtain the maximum counts per pixel per minute from the ROls and convert to counts per milliliter per minute by use of a calibration constant.
With the assumption of a tissue density of 1 g/ml, convert the ROIs to counts per gram per minute. Determine image ROI-derived %ID/g
values by dividing counts per gram per minute by injected dose. Attenuation correction is not necessary.

3.CLI

1. CLlis to be performed with an IVIS Spectrum system (Caliper Life Sciences). Acquisition and analysis of images are to be carried out using
Living Image 3.0 software (Caliper Life Sciences). Wavelength-resolved spectral imaging is to be performed using an 18-set narrow-band
emission filter (490 - 850 nm). Again, for each mouse, perform CLI immediately after PET to minimize the amount of radioactive decay if the
PET studies are included in the protocol.

2. Place animals in a light-tight chamber under isoflurane anesthesia. Multiple mice can be placed simultaneously to increase throughput.

3. Acquire images using 3 min exposure time (f/stop=1, binning=4). Use the same illumination settings (lamp voltage, filters, f/stop, fields of
view, binning) to acquire all images. Use the dorsal skin area to calculate the signal intensity of background tissue. Normalize fluorescence
emission to photons per second per centimeter squared per steradian (p/s/cmzlsr).

4. Representative Results

Visual comparison between CLI and PET images can be easily carried out. After unifying the scale bar across images from the same modality
and place CLI and PET images side by side one can see in this representative panel (Figure 2A) that both CLI and PET revealed significantly
decreased signals from H460 xenografts in treated mice from pre-treatment to day 3, suggesting significant therapeutic effect. As a comparison,
moderately increased to unchanged signals were observed in untreated mice during the same time period (data not shown). By visual inspection
alone one can observe that there is a good consistence between tumor contrasts that are visualized from CLI and PET. In fact, this visual
correlation has sufficient resolution to show central necrosis of the tumor secondary to the anticancer treatment regimen (please compare the
CLI and PET images from Day 3). To validate the imaging findings quantifications and correlation analysis can be carried out.

Quantifications of CLI and PET images and a simple fitting via linear regression showed that the two modalities indeed had an excellent
correlation (Figure 2B, R?=0.9309 for "®F-FLT probed treatment group). Notably, in all of our CLI and PET imaging studies with different tumor
models and different anticancer drugs the slopes of the fits are also remarkably close, thus suggesting an excellent fit of linear regression even of
all data are conglomerated (data not shown). Both representative images are adapted from our previous publication12.
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Figure 1. Schematic of experimental design of PET and CLI studies. Tumors were implanted bilaterally in shoulder region and allowed to grow
to 150-200 mm3, and tumor-bearing mice were subjected to in vivo imaging via PET and CLI at day -1, 1, and 3. Bevacizumab treatment was
performed by 2 injections of 20 mg/kg at days 0 and 2.
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Figure 2. (A) In vivo CLI and PET images of mice bearing H460 xenografts treated with Bevacizumab before treatment (pre-scan) and after
treatment (day 3). (B) Corresponding quantitative analysis of CLI and PET results (n=3) and their correlations. Images adapted from (6). Click
here to view larger figure.

CLlis emerging as a promising molecular imaging technique that has found potentials in many basic science research applications and even
clinical use*>"™>"®" The major advantages of CLI over traditional nuclear imaging modalities such as PET stem from its use of Ol instruments,
which are easier to use, characterized by short acquisition time and high throughput, significantly less expensive, and more widely available to
researchers. Additionally, what sets CLI apart from Ol in general is its use of B-emitting labeled molecules as imaging probes, many of which
have been approved by the Food and Drug Administration (FDA), unlike traditional Ol agents. With these unique and desirable qualities, CLI
has quickly garnered attention from the field of molecular imaging. Yet its potentials in preclinical and clinical applications are yet to be fully

investigated.

Cancer therapy monitoring is one of the areas where CLI can have some significant utility. It is a very important area that is key to probe
development, drug screening, and even tailoring cancer therapy for patients. Currently, preclinical cancer therapy monitoring is carried out almost
exclusively via nuclear imaging modalities such as PET. Therefore CLI provides a very attractive alternative to PET, particularly given that there
is an excellent correlation between CLI and PET images. Yet, another advantage of CLI for therapy monitoring lies in the fact that CLI can image
not only B*-emitters, but also B emitters such as %2p %y, and ™}, all of which are clinically relevant.

However, CLI is not without flaws. The reliance on Ol instruments dictates that CLI suffers from some shortcomings that are intrinsic to optical
imaging such as signal attenuation and scattering in living tissues. Moreover, the particular spectrum of CR also results in limited signal intensity
and subsequently, the deeper the signal from body surface, the lower the sensitivity, and the poorer the quantification capabilitye. However, while
the shortcomings can be viewed to be significant, one can largely bypass these obstacles in preclinical research by employing small animals
such as mice. More importantly, there are at least a couple of clinical areas that can potentially benefit from CLI cancer therapy monitoring.
Monitoring superficial disease entities such as dermatological inflammatory conditions and cancers can serve as one good example. Moreover,
disease entities that are deep yet accessible by charge-coupled device or fiber optic based techniques can use the excellent sensitivity

and quantification capability of CLI as well. Yet another exciting possibility lies in using CLI to help surgeons obtain anatomic and functional
information about tumors in the operating room. Two recent proof-of-concept studies have demonstrated detection and resection of tumors in
mice with intraoperative image guidance thanks to cLI'®"°,
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