Vivo imaging include bioluminescent imaging
Molecular imaging attempts to characterize and quantify biological processes at the cellular and subcellular level in intact living subjects. 1-14 This is accomplished through the use of specific molecular probes targeted to intrinsic pathologic tissue conditions or markers. While these molecular probes are designed with specificity in regards to a biologic process (e.g., antibody localization to an antigen), they have the dual action of being detected by an external imaging modality.1-7, 9, 11, 13-19 The temporal and spatial biodistribution of these probes can be imaged in vivo in relation to an underlying biological process.1 The advantages of molecular imaging include the ability to understand underlying biologic processes, to monitor the evolution of pathologic disease, the ability to detect disease at an earlier stage, and the evaluation of treatment.4 Tantamount is the ability to monitor these processes in vivo leaving the underlying organism intact. These imaging techniques contrast with morphologic/anatomically based imaging modalities, such as computed tomography (CT), magnetic resonance imaging (MRI), ultrasound, and optical coherence tomography (OCT), which all share the limitation of not being able to detect disease until tissue structural changes are present (e.g., the detection of a space occupying mass).

B.1.b What are examples of molecular in vivo imaging?

Several approaches to molecular imaging have been developed in order to perform in vivo imaging of various types of tissue and pathology.2, 5-7, 11, 12, 20, 21 Anatomical location of the tissue, molecular targets in the tissue, and the characteristics of the molecular probe used are each a determinant in the method of molecular in vivo imaging used. Currently, there are no methods of molecular in vivo imaging of the eye. The extension of this type of imaging to the eye is a significant advance and the eye represents the perfect site to advance the field of molecular in vivo imaging. (Discussed below B.2.b).

Approaches to molecular in vivo imaging include bioluminescent imaging1, 22-25, in which light is generated by a chemiluminescent reaction triggered when an enzyme (e.g., luciferase from the North American firefly) binds to a substrate.26-30 Magnetic resonance spectroscopy uses the nuclei of elements (including carbon, fluorine, and phosphorus) to assess tissue energetic and cellular metablosim.31, 32 Additionally, magnetic nuclear isotopes can be used to detect drug distribution and concentration.33, 34 Ultrasound imaging with contrast agents, including functionalized-microbubbles, can be used to image tissue targets in the vascular component and therefore particularly useful in cardiovascular disease.35-38

Positron emission tomography (PET) is a molecular imaging modality used to visualize tumor metabolism of 18F-labelled 2-deoxy-D-glucose (FDG), a deoxyglucose analogue, which is transported into cells and phosphorylated by hexokinase to from FDG-6 phosphate.24, 39-46 This phosphate rapidly accumulates in cells which have increased activity of hexokinase and glucose transport, including cancer cells. FDG-PET is currently used for both initial staging of disease and is advantageous when compared with anatomical imaging in that it can assess tumor response to molecularly targeted drugs, which may only initially cause a small effect on tumor size. In addition to tumor metabolism, molecular imaging of tumor characteristics can include tumor proliferation using 3’-deoxy 3’-fluorothymidine (FLT)-PET imaging47, tumor apoptosis with radiolabeled 99mTc-HYNIC-annexin V single photon emission computed tomography (SPECT) imaging, tumor angiogenesis using radiolabeled 18F-galacto-RGD PET, and tumor hypoxia using contrast enhanced T1-weighted MRI with 18F-fluoromisonidazole. Further work has been conducted by our collaborators assessing the integration of FDG-PET with CT imaging.42

B.1.c What is the significance of molecular in vivo imaging?

Molecular imaging allows for the non-invasive diagnosis and monitoring of a disease on a molecular level. This allows for the early detection of diseases with unique biomarkers, including malignancies. In addition to diagnostic implications, molecular imaging allows for characterization of biological processes and therefore a better understanding of the underlying pathology of disease. Molecular imaging can be used in the quantification of disease load, and therefore is helpful in monitoring the progression of disease and response to treatment.2, 4-6, 35, 48 There are several theranostic implications using molecular imaging, particular with regards to the specific aims of this project and the development of an ophthalmic molecular in vivo imaging modality. Finally, molecular imaging has multiple implications in the drug development process as high-throughput in vivo target screening, localization, and level of expression of a specific target in a pathologic process, all of which are important in the drug discovery process, are achievable using this imaging modality.1, 16, 33, 34, 49, 50

Molecular imaging can be used for target localization and quantification in disease processes. The identification and level of expression of a specific target in a pathologic process is essential to developing successful drug candidates.1, 50, 51 Imaging probes which directly interact with these targets, for example is the use of radiolabeled 64Cu-VEGF combined with PET imaging to detect target expression of vascular endothelial growth receptor (VEGFR) in tumor angiogenesis40, 41, can be helpful in identifying and quantifying such targets. Once a target is selected, molecular imaging can allow for high-throughput in vivo screening of potential compounds. Exploratory clinical development and establishing evidence of biological activity at a dose lower than that associated with drug toxicity (Phase I) can be expedited with molecular and functional imaging techniques to monitor drug action including, in the example of oncology, effects on tumor metabolism, tumor proliferation, tumor apoptosis, and tumor angiogenesis. Additionally, drug pharmacokinetics and pharmacodynamics can be elucidated with molecular imaging assessment of parameters such as drug absorption, biodistribution, metabolism, and delivery.16, 34, 49-54
B.2: Ophthalmic molecular in vivo imaging
B.2.a Lack of current method for molecular in vivo imaging in the eye

There are currently no methods of ophthalmic molecular in vivo imaging with clinical utility. Recently, there has been preliminary work with bioluminescent imaging in animals for the visualization of retinoblastoma growth and metastasis.55 While this molecular imaging modality has value in terms of monitoring metastatic spread of disease, its low spatial resolution hinders it from being truly utilized for monitoring disease limited to the eye. Very few authors have discussed the possibility of developing contrast enhanced optical coherence tomography imaging modalities using probes in order enhance current optical coherence tomography.19, 56-58 To our knowledge, none of these individuals has demonstrated molecular in vivo imaging capabilities of these technologies.

B.2.b Eye as an ideal organ to study molecular in vivo imaging modalities

Several characteristics of the eye make it an ideal organ to study molecular in vivo imaging, including:

(i). Ease of access – Anterior surface pathology, including diseases of the cornea and ocular surface neoplasms, can be directly visualized under the slit lamp or microscope. Additionally, vitreal and posterior segment pathology, including intraocular tumors, age-related macular degeneration, glaucoma, optic nerve disease, and uveitis, are easily visualized through the cornea, which acts as a clear window to external microscopes and light sources.

(ii). High resolution imaging technology – The strength of this approach to molecular imaging is that commercially available OCT systems have already been widely adopted by clinicians around the world. This allows for the rapid clinical introduction of the technology discussed in this grant after we prove its feasibility. (OCT is described in detail below in section B.3 and C.1).

(iii). Multiple ophthalmic disease processes in which (A) early diagnosis is imperative for treatment, as late diagnosis is associated with the morbidity of vision loss; (B) molecular diagnosis of disease important; (C) the ability to monitor gradual change in disease in a quantifiable manner (either as progression or response to therapy) is important, particularly as a method to quantify disease load; (D) the eye is an ideal organ for the development of theranostics, as several ophthalmic diseases have known molecular targets, ease of access allows for ease of molecular imaging as well as the ability to directly image pathologic changes, and high resolution imaging modalities allow for imaging at approximately the 6 mm level.
B.3: Ultra-high speed spectral domain optical coherence tomography (SD-OCT) with ultra-high resolution
B.3.a General description of OCT and our laboratory expertise

OCT is a quick, non-contact and non-invasive imaging modality based on the magnitude of backscattered light reflected from target tissues.59-63 This method has been intensively used in vivo and in vitro for quantitative and qualitative analysis of the posterior segment of the eye, including thickness measurements of the retina and nerve fiber layers in various conditions.64-67 OCT has also been used to image the anterior segment of the eye, including the thickness of the cornea and epithelium,68-70 corneal flap thickness after LASIK,71, 72 anterior chamber angle,73 and iris Figure B.3.a. Anterior segment spectral domain optical coherence tomography (SD-OCT) of a naive mouse eye. Anatomical landmarks are labeled above.

thickness.73 Using real-time OCT, tears on ocular surface can be imaged dynamically.74, 75 OCT provides the advantage of producing non-contact images of the anterior segment of the eye in both static and dynamic conditions.

The commercially available OCT (Visante, Carl Zeiss, Meditec) machine for anterior segment imaging has an imaging depth of 6 mm with about 2 frames per second. It can image the cornea and the anterior surface of the lens. The device, including its prototype, has been used to study the anterior chamber depth and angle.76, 77 Using a modified posterior segment OCT with a 1310 nm light source, static and dynamic analysis of the anterior segment during accommodation was conducted by Baihoff and associates.78, 79 An example of anterior segment imaging using OCT is shown in Figure B.3.a.

We have been actively involved in OCT development and clinical applications in both anterior and posterior segments of the eye for about 10 years.70, 80 Through engineering development of the technique and exploring its clinical applications, we have gained huge experience in developing custom prototype OCT instruments to overcome obstacles in ophthalmic imaging, including human and small animal.70, 80
B.4: Gold nanoparticles as ideal contrast agent for ophthalmic molecular in vivo imaging with SD-OCT
There have been several advances in developing contrast enhancement for optical coherence tomography. Exogenous contrast agents including microspheres and liposomes, ferromagnetic agents (detected by tracking magnetic field-induced movement), near-infrared absorbing dyes, indocyanine green81, and gold nanorods have been investigated in phantom models.56, 82

We believe that there are several advantages to using gold nanorods as the core for the molecular probes in this project. First, these gold particles have been demonstrated to have low toxicity relative to other nanostructures 48, 52, 83-94 with good systemic clearance,52 optimal biodistribution when administered intravenously,54 and are studied most intensely when compared to other nanoparticles. Recently, the National Institute of Standards and Technology (NIST) in collaboration with the National Cancer Institute’s Nanotechnology Characterization Laboratory (NCL) have explored 10, 30, and 60 nm citrate stabilized gold particles as literally ‘gold standards’ for laboratories studying bioresponse towards nanoparticles.92 Recent histologic studies demonstrate an absence of retinal toxicity when gold nanoparticles have been tested in rabbit eyes.95 We have demonstrated the absence of corneal toxicity when our gold nanorods have been tested in rabbit corneas (see preliminary data below). Systemic clearance depends on surface and interior chemistry of these particles, as some demonstrate prolonged tissue retention.48, 52, 88, 90, 96

The ability for maintenance of localized surface plasmon resonances in the NIR region provides enhanced backscattering of laser radiation, 97, 98 and therefore makes gold nanoparticles optimal contrast agents for detection with optical coherence tomography. Gold nanoparticles seem to have the most perspective for contrasting OCT images of tissues because the wavelengths of plasmon resonances they maintain are in the so-called transparency window (λ=0.6, . . . , 1.3μm) within which the OCT operative wavelength is usually situated.97, 99 By varying the geometrical parameters of such nanoparticles, one can adjust the backscattering maximum for a given wavelength and obtain particles with preset optical properties. 100

Rayleigh scattering theory predicts that the scattering cross section scales as the sixth power of the particle diameter, therefore making it difficult to achieve smaller sized molecular probes that maintain adequate scattering, and therefore detection by OCT. At optical wavelengths however, the use of gold can overcome this limitation, as this choice of nanoparticle exhibits a collective excitation of electrons at a characteristic light frequency (surface plasmon resonance).103 Gold nanorods have a unique spectral response consisting of a transverse plasmon resonance and a longer wavelength longitudinal plasmon resonance. The center wavelength increases nearly linearly with the aspect ratio of the rod,104 and reaches near-infrared wavelengths with easily achieved aspect rations of 3:1.19 These nanorods, when less than 80nm are primarily absorbers,105, 106 and therefore their detection by OCT relies on their depth-dependent attenuation and results in attenuation of approximately half of the OCT incident light bandwidth and a depth-dependent shift of the backscattered light spectrum.19
“Proof of principle” experiments to demonstrate the use of OCT and gold nanoparticles to perform molecular in vivo imaging of plaque inflammation in atherosclerosis and cardiovascular diseases are being pursued by other groups.9, 107, 108
B.5: Ocular Surface Squamous Neoplasia (OSSN)
Ocular surface squamous neoplasia (OSSN) refers to a spectrum of malignant neoplasias of the anterior surface of the eye including lesions localized to the surface epithelium (conjunctival intraepithelial neoplasias (CIN) or dysplasia) and more invasive squamous cell carcinoma that have broken through the basement membrane (Bowmans layer) and invaded the underlying corneal stroma.109 In these processes, the normal epithelium is replaced by neoplastic cells. The former has little potential to metastasize, however the later can gain access to the underlying lymphatics of the conjunctiva and spread to local lymph nodes; regional and distant metastases have been reported.110-112 In addition to increased metastatic potential, these lesions can cause local damage necessitating large anterior ocular surface surgical reconstruction (see below). Thus early detection is critical.

Clinically, the diagnosis of CIN can be challenging as these lesions can often look like benign lesions, such as a pterygium or keratoacanthoma, of the anterior surface of the eye. Likewise, the differentiation between mild, moderate, and severe CIN cannot be made clinically. Once the neoplastic cells of a CIN invade through the underlying basement membrane and become an invasive squamous cell carcinoma, the prognosis for the patient changes, as noted above. However, the differentiation of this process is again a clinical challenge and often is made by excisional biopsy of the lesion in question.

A rare variant of squamous cell carcinoma of the ocular surface is the mucoepidermoid carcinoma, which is much more aggressive than a standard squamous cell carcinoma.

Most squamous cell neoplasia has been reported to be related to human papillomavirus infection of the conjunctival epithelium. Bilateral disease most often occurs in immunosuppressed patients.109, 113 The risk of life-threatening disease is greater in these cases,109, 114 again motivating new approaches to early detection and monitoring.

The treatment of OSSN lesions has historically consisted of wide local with aggressive double freeze thaw cryotherapy to the conjunctival margins, as well as the bulbar conjunctiva and limbus. Superficial lamellar sclerectomy or keratectomy is often required.111 Adjuvant topical chemotherapy of mitomycin-C, 5-fluorouracil, or interferon is used in patients with extensive or recurrent tumors. In part, aggressive therapy is required because monitoring for recurrence is so challenging with today’s limited technologies.

Historically, surgery has been the predominant method of managing this disease as biopsy provides a confirmational histopathologic diagnosis. However, recently there has been interest in managing these patients with topical chemotherapies. While there has been some therapeutic success in medical management of these lesions, the advantage of having a confirmational histopathologic diagnosis is lost, unless an incisional biopsy is performed prior to initiation of topical chemotherapy. An alternative technique to diagnose molecularly, and then to monitor serially, would greatly aid in the clinical care of these patients.
B.6: Summary of significance of this research proposal:
Given the background above, OSSN represents an ideal malignancy to develop and test a method to perform ophthalmic molecular in vivo imaging, as this technology will allow for a non-invasive, tissue sparing, molecular diagnosis of these neoplastic lesions. Molecular diagnosis of these lesions can allow the clinician to easily differentiate these lesions from their benign masqueraders described above. Further, a clinician will be able to non-invasively monitor on a molecular level: (a) response to treatment and (b) recurrence following treatment. Finally, because they appear on the surface of the eye, OSSN lesions are readily accessible to both imaging and clinical monitoring.

This grant will allow for the proof of concept of ophthalmic molecular in vivo imaging using OSSN as a model. There is an achievable clinical application that directly follows from this proposed work, as OCT imaging machines are already rapidly adopted by clinicians around the world. Additionally, following establishment of the aims of this grant, this technology can adapted to molecularly diagnose other ophthalmic malignancies and diseases.
