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ABSTRACT

Advances in noninvasive imaging of human cancer are crucial to
improving diagnosis and therapeutic planning. My project was aimed at
developing novel imaging agents that target the aminophospholipids
phosphatidylserine (PS) and phosphatidylethanolamine (PE). PS and PE are
normally intracellular, but become exposed on the surface of tumor endothelial
cells (EC). Anti-tumor therapies promote exposure of PS and PE on tumor EC
and the tumor cells as well. Therefore, I tested the hypothesis that IN11, a PS-
binding antibody, and duramycin, a PE-binding peptide, could function as tumor
imaging agents.

I labeled the F(ab’), fragment of 1N11 with the near-infrared fluophore
800CW for optical imaging and the positron emitting isotope iodine-124 ("**D) for

PET imaging. 800CW-1N11 F(ab’), clearly imaged subcutaneous and orthotopic

U87 gliomas growing in mice with optimal tumor contrast obtained at 24 h post-

il



injection (p.i.). Uptake of 800CW-1IN11 F(ab’), was approximately 2-fold higher

in irradiated U87 tumors. '**

[-1N11 F(ab’), clearly imaged subcutaneous and
orthotopic PC3 prostate carcinomas growing in mice with optimal tumor contrast
obtained at 48 hr p.i. Importantly, 800CW- and 2ILIN11 F(ab’), exhibited low
uptake in non-target organs (i.e. liver and kidneys).

Unlike PS, PE had not been established as a specific marker of tumor
vasculature in the literature. To demonstrate PE was such a marker, I biotinylated
duramycin, characterized its binding properties, and used it to determine the
distribution of PE on EC in vitro and in vivo. Exposure of cultured EC to
hypoxia, acidity, reactive oxygen species, or irradiation resulted in the formation
of membrane blebs that were intensely PE-positive. When biotinylated
duramycin was intravenously injected into tumor-bearing mice it preferentially
localized to the luminal surface of the vascular endothelium in multiple tumor
models. PE-positive vessels were observed in and around hypoxic regions of the
tumor. With the exception of intertubular vessels of the kidney, normal vessels
remained unstained. I also conjugated duramycin to 800CW and used it for
optical imaging of RM-9 and TRAMP prostate carcinomas. These results

demonstrate that both IN11 and duramycin can be used to image a variety of

tumors and warrant further study as imaging agents.
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CHAPTER 1

INTRODUCTION

1.1. EXPOSURE OF PS ON TUMOR VASCULATURE AND TUMOR CELLS
1.1A. Regulation of PS positioning in cell membranes

In 1924, Gorter and Grendel made the revolutionary proposal that the cell
membrane was two molecules thick rather than one as proposed by Irving
Langmuir in 1917. [1-2] Since then, a variety of techniques including electron
microscopy, x-ray diffraction, nuclear magnetic resonance (NMR) and electron
spin resonance (ESR) have been used to further characterize the cell membrane’s
structure. The cell membrane is now known to be a phospholipid bilayer
composed of four major phospholipids that are arranged asymmetrically. Two
lipids with choline head groups, phosphatidylcholine (PC) and sphingomyelin
(SM), are enriched in the outer membrane leaflet whereas two lipids with amine
head groups, phosphatidylserine (PS) and phosphatidylethanolamine (PE), are
enriched in the inner leaflet (Fig. 1.1). Other less abundant phospholipids that
have important roles in cell signaling pathways such as phosphatidylinositol (PI),
phosphatidylinositiol-4,5-bisphosphate (PIP,) and phosphatidic acid (PA) are also
enriched in the inner membrane leaflet. Most studies on membrane asymmetry

have been done in erythrocytes and it has been determined that their outer
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Figure 1.1 Structures of major membrane phospholipids. Sphingomyelin
(SM) and phosphatidycholine (PC) are enriched in the outer membrane leaflet 1
whereas phosphatidylserine (PS) and phosphatidylethanolamine (PE) are enriched
in the inner leaflet.(adopted from Alberts, B. et al., 2002) [3]

membrane leaflet is composed of 75-80% PC and SM and 20% PE, PA, PI and
PIP,.[4-6] PS is undetectable in the outer membrane leaflet.

The asymmetric distribution of membrane phospholipids begins at their
synthesis. Synthesis of the major phospholipids that have a glycerol backbone
(PC, PS and PE) occurs on the cytosolic side of the endoplasmic reticulum (ER).
Acyl transferases successively add two fatty acids to glycerol phosphate to
produce PA. Different enzymatic reactions then add the head groups to generate

PC, PS or PE. The amphipathic nature of the newly synthesized phospholipids

prevents them from freely moving from one side of the bilayer to the other.



Phospholipids can rapidly exchange with their neighbors in the same membrane
leaflet at ~10” times per second translating into a lateral diffusion rate of
approximately 2 microns per second. However, it can take hours or days for
phospholipids to spontaneously “flip-flop” between each membrane leaflet.[3, 7]
P-type ATPases known as aminophospholipid translocases (APLTSs) or
“flippases” remove PS and PE from the external leaflet and flip them into the
cytosolic leaflet against the thermodynamic gradient.[8] PS is more tightly
restricted to the cytosolic leaflet and these ATPLs have a 10-fold higher affinity
for PS than PE.[9] Cytoskeletal proteins such as spectrin and band 4.1 and
soluble proteins known as annexins also bind PS and help to sequester it to the
inner leaflet.[10-11] SM and glycosphingolipids are synthesized within the lumen
of the ER and Golgi apparatus and stay in the same leaflet in which they are
made. The luminal leaflet of the ER and Golgi becomes the outer membrane
leaflet when vesicles from the ER and Golgi fuse with plasma membrane.

The most pronounced consequence of a loss in membrane asymmetry is
exposure of PS at the cell surface. PS is externalized during platelet activation,
apoptosis, necrosis, and transformation.[12] PS externalized on the surface of
platelets serves as a platform for the assembly of clotting factors. Phagocytes
express the PS receptors TIM-1 and TIM-4 and PS exposed on apoptotic cells
marks them for clearance from tissues and blood.[13] PS also suppresses the

immune response against the apoptotic cells by stimulating the secretion of anti-



inflammatory factors such as transforming growth factor  (TGFp) and
interleukin-10 (IL-10) while inhibiting the production of pro-inflammatory factors
such as nitric oxide, interleukin (IL-12), and interferon gamma (IFN-y).[14-15]

PS externalization is stimulated by influxes of calcium from outside the
cell or release of calcium from intracellular storage sites within the ER or
mitochondria. High concentrations of cytosolic calcium inhibit ATPLs and
activate ATP-binding cassette (ABC)-transporters know as a floppases. One
floppase appears to be identical to the multidrug resistance protein 1 (MRP1)
transporter encoded by the ABCC1 gene and transports all membrane
phospholipids from the inner leaflet to the outer leaflet.[16-17] Another floppase
ABCAL is specific for PS and is implicated in PS externalization during
apoptosis.[18-19]

Calcium influxes have also been suggested to activate a transporter known
as a scramblase that can move phospholipids bidirectionally within the bilayer.
Although the true identity of the transporter remains elusive, and may actually be
more than one protein, scramblase activity does not seem to require ATP
hydrolysis.[16] Also, the proposed mechanism for scramblase activation is
controversial and may be downstream of caspase activation and independent of
calcium.[20] Since the spontaneous “flip-flop” of lipids between bilayers occurs
at such a slow rate, ABC-transporter and scramblase activation are perhaps more

important than APTL inhibition for externalization of PS.



1.1B. PS as a marker of tumor endothelium

PS is a highly specific marker and has been found on the surface of tumor
endothelial cells (EC) in all tumor models examined so far. Orthotopic,
syngeneic, transgenic, and human tumors growing in either mice or rats have all
been shown to have PS-positive vasculature. The percentage of PS-positive
vessels varies between tumor type from approximately 5% to 50%. More PS-
positive vessels are generally found at the tumor’s center than at the periphery.
[21-27] PS exposure dramatically increases when tumors are treated with
chemotherapy, radiation, or androgen deprivation therapy. Following these
treatments, up to 95% of the vessels can become PS-positive.[12, 23-24]
PS externalization is likely due to a number of different cellular stresses within
the tumor microenvironment that injure and/or activate tumor EC (Fig. 1.2).
Tumor angiogenesis produces tortuous and leaky blood vessels that function
poorly. As a result, perfusion throughout the tumor can be inconsistent with large
areas subject to hypoxia.[28] Regardless of perfusion, tumor cells can undergo
high rates of glycolysis and the lactic acid generated as a byproduct of this
phenomenon (known as the Warburg effect) causes the tumor microenvironment
to be acidic.[29] Tumors also generate high levels of reactive oxygen species
(ROS) from a number of different dysregulated metabolic processes. Abhorrent

signaling from tyrosine kinase receptors can stimulate high ROS production in



Low pH externalized PS, PE

L

Figure 1.2. PS is externalized on tumor endothelium. The 4 major membrane
phospholipids are arranged in an asymmetric bilayer. Normally, PC and SM are
enriched in the outer leaflet of the bilayer and PS and PE are enriched in the inner
leaflet. Oxidative stress in the form of ROS, hypoxia and low pH causes PS to
flip to the outer membrane leaflet in the endothelial cells (EC) that line tumor
blood vessels. A major hypothesis advanced in this thesis is that PE is also
externalized on tumor EC.

mitochondria of cancer cells.[30] The ROS-producing enzyme in mitochondria,
NADPH-oxidase, is often overexpressed and can also be activated by transient
hypoxia.[31] Tumor-infiltrating leukocytes can discharge ROS as part of their
inflammatory response.[32] Moreover, reducing enzymes that help to neutralize
ROS such as catalase, superoxide dismutase, and glutathione peroxidase often
show low expression and/or activity in cancer cells.[33-34] Tumor cells and

tumor stromal cells secrete growth factors and cytokines that activate tumor EC.



Activated tumor EC more responsive to stress than their quiescent counterparts in
normal tissues and are more likely to externalize PS in response to environmental
stress and any additional stress presented by therapy.

Oxidative stress from ROS, radiation therapy, and chemotherapy can also
stimulate ceramide production by the membrane protein acid sphingomyelinase
(aSMase).[35-36] ASMase is related to phospholipase C (PLC) and hydrolyzes
the phosphodiester bond of sphingomyelin (SM). This reaction removes the
phosphorylcholine head group on SM converting it to ceramide which has a
hydroxyl head group. The uncharged ceramide molecule rapidly flips between
membrane bilayers and is thought to create lamella to non-lamella phase
transitions that directly facilitate transbilayer movement of PS. The difference in
charge destabilizes the bilayer, promotes membrane blebbing and externalization
of PS.[7, 37] Ceramide also acts a pro-apoptotic signaling molecule initiating
both the intrinsic and extrinsic mechanisms of cell death.[35] Ceramide-induced
PS externalization may play a major role in tumor EC because EC are know to
express high levels of aSMase compared to other cell types. For instance,
aSMase expression has been shown to be 20-fold higher in EC than in

macrophages.[38]



1.1C. PS as a marker of malignant cells

Many different types of cancer cells are also known to have PS
constitutively exposed on their surface. Utsugi et al. were the first to show that
tumor cells exhibit 3-7 fold more cell-surface PS than normal keratinocytes. [39]
PS has since been reported to be a cell-surface marker for ovarian carcinoma,
gastric carcinoma, melanoma, leukemia, prostate carcinoma, renal cell carcinoma,
glioblastoma, and rhabdomyosarcoma.[40-44] The outer membrane of tumor
cells can be contain as much as 9% PS and high levels of PS exposure have been
correlated with progression of melanoma and poor outcome.[45] In addition,
tumor cells have been shown to release PS-positive microvesicles and exosomes
that can be detected in serum and ascites fluid collected from cancer patients.[46]
PS is not simply a symptom of pathophysiology, but may help malignant cells
escape immune surveillance by stimulating immunosuppressive cytokines (e.g.
TGFp) and, at the same time, help to recruit M2 type macrophages that secrete
pro-tumorigenic growth factors (e.g. VEGF).[47]

Because exposure of PS is characteristic of many different types of cancer,
lytic cationic peptides have been studied as anti-tumor drugs.[44] In one study,
systemic injection of a PS-binding peptide known as D-K6L9 (MW = 1.8 kDa),
composed of 6 lysines and 9 leucines in both their D and L isomeric forms,

inhibited the growth 22RV1 & MDA-MB-231 tumors in mice.[48]



1.2. PS AS A TARGET FOR TUMOR IMAGING
1.2A. Introduction

Currently, the clinical evaluation of a tumor responding to therapy is based
mainly on morphological and volumetric criteria. According to RECIST
(Response Evaluation Criteria in Solid Tumors), a therapy-induced response is
defined as a 30% decrease in the largest dimension of the tumor.[49] This could
take months, during which non-responders suffer from the toxic side effects of
ineffective treatment and are deprived of the appropriate treatment at the same
time.[50] PS externalization, on the other hand, could potentially be detected in
responding tumors as early as 24 hours after treatment. Consequently, a number
of PS-targeting strategies have been studied to image tumors and their response

treatment.

1.2B. Annexin V as a tumor imaging agent

The most widely studied PS-binding probe is annexin V, a 35.8 kDa
protein that binds PS in a calcium-dependent manner with nanomolar affinity.
The physiological function of annexin V is unknown, although some studies
suggest that it may act to inhibit blood coagulation by competing with
prothrombin for PS binding sites on platelets.[51]

Much research has been aimed at developing annexin V as a probe for

single- photon emission computed tomography (SPECT) imaging. SPECT is less
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expensive and more widely accessible than positron emission tomography (PET)
which uses shorter-lived isotopes that generally necessitate an on-site cyclotron.
Although SPECT is less sensitive than PET, it is significantly more sensitive than
magnetic resonance imaging (MRI). Annexin V labeled with the SPECT isotope

99m,

technetium-99m (" "Tc) through a hydrazinonicotinamide (HYNIC) linker

demonstrated a six fold increase in uptake in B-cell lymphoma treated with

cyclophosphamide.[52] In another study, *™

Tc-HYNIC-annexin V was injected
into rats bearing hepatocellular carcinomas and images were taken at 4, 12 and 20
hours following treatment with cyclophosphamide. 99T HYNIC-annexin V
showed highest uptake at 20 hrs, consistent with previously established rates for
PS externalization.[53] Mice bearing lymphomas or sarcomas were treated with
irradiation and apoptosis and uptake of 99m T HYNIC-annexin V was higher in
the lymphomas. In these tumors, tracer uptake showed a direct correlation with
radiation dose.[54] Results from these and other preclinical studies led to phase I
studies to determine the safety and biodistribution of 99mTc-HYNIC-annexin V in
humans. The results of these studies showed that although >90% of blood
activity cleared within 25 minutes, *"Tc-HYNIC-annexin V showed high uptake
in the kidneys, liver and spleen at 25 min and 24 hrs.[55] High background signal

in these organs did not prevent *™

Tc-HYNIC-annexin V from effectively
visualizing all of the primary head and neck tumors identified by computed

tomography (CT).[56] Subsequent research has evaluated the utility of 9Impe.
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HYNIC-annexin V to monitor patient response to radiation and chemotherapy. In
a series of studies of lymphoma, leukemia, and non-small cell lung cancer patients
treated with cisplatin and/or radiation, tumor uptake of 99mTc HYNIC-annexin V
directly correlated with clinical outcome as defined by RECIST.[57-59] Linkers
other than HYNIC have been used in an effort to improve the biodistribution of
99mT¢ labeled annexin V. **™Tc has been conjugated to annexinV through
mercapoacetyltriglycine (MAG3)[60], ethylenedicysteine (EC)[61], 4,5-
bis(thioacetamido)pentanoyl (BTAP)[62-65] and endogenous chelation sites
(AGGCGH) introduced by mutation. Each of these methods showed modest
improvement in renal and hepatic retention. However, disadvantages of these
methods included increased uptake in other non-target organs (e.g. small
intestines), decreased affinity for PS, and difficult conjugation procedures.
Annexin V has been radiolabeled with several different isotopes used for
PET imaging. Annexin V reacted with N-succinimidyl-4['*F]-fluorobenzoate has
been shown to bind PS exposed on cancer cells treated with etoposide and the
biodistribution of '®F-annexin has been studied in non-tumor bearing rats.[66-67]
Copper-64 (64Cu)—1,4,7,10 tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA)-streptavidin was used to visualize annexin V-biotin pre-targeted to
EMT-6 mouse mammary tumors treated with photodynamic therapy (PDT).[68]
124

Annexin V has also been labeled with iodine-124 (““'I) and assayed for binding to

human leukemic HL60 cells treated with camptothecin. In this study, annexin V
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directly iodinated using chloramine T reagent showed decreased binding

compared to annexin V indirectly labeled with N—succinimidyl—3[124l]—

iodobenzene (the Bolton-Hunter method).[69] Collenridge et al. used 1241
annexin V to image the effect of 5-fluorouracil (5-FU) treatment on RIF-1
fibrosarcomas growing in mice.[70] Dekker et al. found that an annexin V
expressed as a fusion protein with maltose binding protein (MBP) was easier to
purify from bacterial lysates and easier to detect by IHC than annexin V alone.
Although 2_.MBP-annexin V effectively detected Fas-mediated hepatic
apoptosis in mice, the authors did not use the probe to image tumor apoptosis.[71]
Annexin V has also been conjugated to the near-infrared (NIR)
indocyanine fluorescent dye Cy5.5 for optical imaging of PS exposed in tumors
growing in mice. CyS5.5-annexin V showed colocalization with green fluorescent
protein (GFP) expressing gliosarcomas and DsRed2 expressing lewis lung
carcinomas and the fluorescent signal increased by 2-3 fold following
cyclophosphamide treatment. Importantly, Cy5.5-annexin V was shown to bind
tumor cells and tumor EC.[72] In a follow up study by the same group, Cy5.5-
annexin V demonstrated higher uptake in cyclophosphamide-sensitive tumors
compared to cyclophosphamide-resistant tumors following administration of the
chemotherapy. The difference in tumor uptake showed good correlation with
apoptosis quantified by terminal deoxynucleotidyl transferase dUTP nick end

labeling (TUNEL) staining.[73-74]
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Although annexin V has been examined as a potential contrast imaging
agent for magnetic resonance imaging (MRI), it has not been shown to visualize
tumors in this modality. Annexin V labeled with supramagnetic iron oxide
(SPIO) particles demonstrated increased binding to cultured Jurkat cells treated

with camptothecin and apoptotic cardiomyocytes.[75-76]

1.2C. PS-binding protein domains as tumor imaging agents

The C2A domain of synaptotagmin I binds PS and other anionic
phospholipids by coordinating Ca®* much like annexin V. This domain is less
than half the size of annexin V having a molecular weight of 14 kDa. Zhao et al.
labeled the C2A domain with SPIO particles and demonstrated that this reagent
could be used for MRI detection of EL4 lymphomas treated with
cyclophosphamide and etoposide.[77] The results of this study were essentially
recapitulated using C2A labeled with gadolinium (Gd**) which is smaller than
SPIO-C2A and gives higher signal intensities on T;-weighted images.[78]
Glutathione-S-transferase (GST) tagged C2A labeled with 9™Tc has been used
for SPECT imaging of mice bearing non-small cell lung tumors treated with
paclitaxel.[79] This same group demonstrated PET imaging of paclitaxel-induced
apoptosis in orthotopic VX2 lung tumors growing in rabbits using BE.C2A-

GST.[80]
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The C2 domain of lactadherin does not share homology with the C2A
domain of synaptotagmin I and binds PS in a calcium-independent manner.[81]
PS imaging with lactadherin has been limited to in vitro studies with only the
biodistribution of lactadherin having been studied in vivo. While M HYNIC-
lactadherin exhibits lower kidney uptake than 99m e HYNIC-annexin V it shows
much higher uptake in the liver with values greater than 50% ID/g.[82] This is
most likely due to first pass clearance by the reticular endothelial system (RES)

since lactadherin is known to be heavily glycosylated.

1.2D. PS-targeting peptides as tumor imaging agents

Short PS-binding peptides with molecular weights much lower than either
annexin V or C2A have been used to target imaging agents to tumors. Thapa et
al. identified the PS-specific peptide sequence CLSYYPSYC by screening a M13
phage display library onto PS-coated plates. This peptide preferentially bound
apoptotic cells and competed with annexin V for PS-binding sites. Furthermore,
they demonstrated that CLSYYPSYC labeled with fluorescein can be used for
optical imaging of H460 human lung tumors growing in mice treated with
camptothecin.[83] Another group screened a targeted peptide library that was
designed after shared sequence homology between PS-binding domains in protein
kinase C (PKC) and PS decarboxylase. This library was screened on PS-coated

surface plasmon resonance (SPR) sensor chips and a PS-binding peptide with 14
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residues (FNFRLKAGAKIRFG) was identified. This peptide, referred to a
PSBP-6, was labeled with PMT¢ and was shown to bind in melanomas treated
with paclitaxel by autoradiographic analysis of tumor sections.[84] The authors

did not demonstrate in vivo SPECT imaging of these tumors.

1.2E. PS-targeting small molecules as tumor imaging agents

Recently, several probes based on nonpeptidic small molecules have been
shown to image PS in tumors. Butyl-2-methyl-malonic acid (ML-9) is an
ApoSense probe that mimics y-carboxyglutamic acid (Gla) and has a molecular
weight of only 206 Da. ML-9 labeled with tritium (*H-ML-9) showed a >5-fold
increased uptake in CT-26 colon adenocarcinomas treated with doxorubicin or a
combination of carmustine and 5-FU.[85] Another ApoSense derivative, Bp_5.
fluoropentyl-2-methyl-malonic acid ("*F-ML-10), visualized irradiated brain
metastases in human patients. Uptake of this probe was found to be predictive of
tumor response to treatment as indicated by MRI several months later.[86]
Bradley D. Smith’s group at the University of Notre Dame has shown that Zn**
coordination complexes can be used for optical imaging of tumors. They have
demonstrated that zinc(II)-dipolyamine (Zn-DPA) conjugated to a NIR dye
specifically labeled both PAIII rat prostate tumors and EMT-9 mouse mammary

tumors with low background in non-target organs.[85, 87]
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1.2F. PS-targeting antibodies as tumor imaging agents

The PS-targeting antibody known as bavituximab was initially developed
for the treatment of solid tumors. PS was first detected on the surface of tumor
endothelium using a rat monoclonal IgM known as 9D2. 9D2 was generated by
immunizing Lewis rats with murine brain-derived endothelial (bEnd3) cells
treated with hydrogen peroxide (H,O») to induce PS externalization. 9D2 was
then identified by screening supernatants from rat splenocyte/myeloma
hybridomas for PS binding activity.[21] Similarly, a mouse monoclonal IgG3
known as 3G4 was generated by immunizing BALB/c mice with H,O,-treated
bEnd3 cells.[22] An antibody known as 2aG4 was then created by recombining
the Fv region of 3G4 with a murine IgG2a heavy chain constant region.[23]
IgG2a has higher affinity for FcyR receptors on mouse immune cells than IgG3
and therefore 2aG4 was designed to have a more potent immunostimulatory effect
than 3G4. Preclinical studies with 2aG4 led to the development of a human-
mouse chimeric antibody for clinical use known as bavituximab. To make
bavituximab, the Fv regions of 3G4 were fused to a human IgG1« constant
region.[12]

None of the bavituximab family members bind PS directly, but instead
recognize a PS-binding serum protein known as beta2-glycoprotein 1 (B2GP1).
The antibodies crosslink two molecules of B2GP1 and the resulting complexes

bind PS extremely high affinity (K4 = 0.4 nM). B2GP1 is related to complement
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control proteins and consists of 5 Sushi domains. Domains I-IV are regular
repeats of approximately 60 amino acids. Domain V is slightly larger having 82
amino acids, including clusters of positively charged and hydrophobic amino
acids that function in binding to PS.[88-89] Bavituximab, 2aG4, and 3G4
recognize human and rat 2GP1, but not mouse B2GP1. Thus these antibodies
require co-injection of human B2GP1 for studies in mouse models of cancer,
which limits their use to immunodeficient animals. Nonetheless, 3G4, 2aG4, and
bavituximab have been shown to inhibit tumor growth in multiple rodent models
of cancer.[22-25, 90] PS-targeting antibodies may inhibit PS-mediated
immunosuppression. Macrophages in these tumors are skewed to the M1
tumoricidal phenotype and show enhanced secretion of pro-inflammatory
cytokines such as TNFa and IL-1P. Therefore, the anti-tumor effects of these
antibodies may be attributed to destruction of tumor endothelium by antibody-
dependent-cell-mediated cytotoxicity (ADCC).[12]

Although the normal physiological function of B2GP1 has not been
defined, it has been shown to interact with autoantibodies responsible for
antiphospholipid syndrome (APS). However, unlike APS antibodies,
bavituximab antibodies do not cause coagulation disorders and thrombosis. The
safety profile of bavituximab is well established having been administered to
human patients in several phase I and phase II clinical trials. A phase I trial found

that a dose of 3 mg/kg bavituximab was well-tolerated in patients with advanced
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cancers that did not respond to conventional therapy. The antibody demonstrated
a safe and favorable biodistribution with minimal side effects. In a phase II trial,
61% (28/46) of breast cancer patients given a combination of bavituximab and
docetaxel achieved an objective response compared to a 41% response rate
reported for breast cancer patients treated with docetaxel alone in a separate
study. Bavituximab was also given to non-small cell lung cancer (NSCLC)
patients in combination with carboplatin and paclitaxel. 65% (11/17) of evaluable
patients achieved an objective response and the median progression-free survival
for all patients (21) was 6.5 months compared to 4.2-4.5 months reported in a
different trial studying NSCL patients treated with chemotherapy alone.[12]
Recently, Jennewein et al. demonstrated that bavituximab can be also used
for in vivo imaging of tumor vasculature.[26] Bavituximab was first derivatized
with N-Succinimidyl-S-acetylthioacetate (SATA) to introduce an average of 3.5
thiol groups per antibody and then labeled with the positron emitting isotope
Arsenic-74 (74As). " As was used because its’ long half-life (T}, = 17.8 days) is
compatible with the long serum half life of bavituximab. Subcutaneous Dunning
prostate R3227-AT1 tumors were clearly delineated in PET images of rats
injected with ™ As-bavituximab. The tumor-to-background ratio was optimal at
72 hrs post-injection with ™ As-bavituximab uptake 22-fold higher in the tumor

than in the liver. Autoradiographic and immunohistochemical analyses of the
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tumors showed that "*As-bavituximab binding was highest at the tumor periphery

and was specific to tumor endothelium.[26]

1.2G. Need for new agents

Although the PS-imaging agents described in the current literature have
demonstrated some prognostic value, there is still a need to develop better agents.
The translation of annexin V-based probes to the clinic is limited by several issues
including: 1) poor pharmacokinetics, 2) low in vivo stability, 3) slow on-rates, 4)
high cost, 5) difficulty in production, and 6) the requirement of micromolar
concentrations of Ca**.[91] Of these issues, poor pharmacokinetics may be the
most problematic because high accumulation in normal tissues prevents
identification of tumors throughout the abdominal region. Annexin V-based
probes demonstrate less than favorable biodistributions regardless of radioisotope,
conjugation method, or imaging modality (Fig. 1.3A and 1.3B). Probes smaller
than annexin V (36 kDa) may yield better signal to background ratios due to their
ability to pass through the glomerulus and clear the circulation at faster rates.
Unfortunately, probes targeted by C2A domains (14 kDa) also have high
background signals (Fig. 1.3C) and bind PS (K4=15-40 nM) with an

approximately 10-fold lower affinity than annexin V (K4=0.1-2 nM).[92]
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Figure 1.3. Biodistribution of PS-targeting imaging agents. A) PET image
showing biodistribution of '**I-annexin V in a mouse (adopted from Glaser et al.,
2003) [69] B) SPECT image showing biodistribution of **"Tc-HYNIC-annexin V
in a human (adopted from Dekker et al., 2011) [50], and C) SPECT image
showing biodistribution of **™Tc-C2A-GST in a mouse bearing a tumor (arrow).
(adopted from Wang et al. 2008) [79]

The PS-binding peptide PSBP-6 is only 1.6 kDa, but binds PS with ~100-fold
lower affinity than annexin V having a K  of approximately 100 nM. It also
shows high retention in the liver and kidneys despite its small size. The reported
biodistribution of PSBP-6 in terms of percent injected dose per gram (%ID/g) is
approximately 10% for liver, 15-20% for kidneys, and <5% for tumor.[84] The
preliminary studies done on the PS-targeting small molecules Zn-DPA (1.5 kDa)

and ML-9 (0.2 kDa) suggest that these agents may have more desirable

biodistribution profiles. However, Zn-DPA has a Ky in the micromolar range and
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no binding affinity constant was reported for ML-9. The reports for both of these
compounds were relatively incomplete overall and further characterization will be
required before their true potential for tumor imaging can be evaluated. Finally,

the long incubation time and “exotic” isotope required for ™ As-bavituximab PET

imaging are less than ideal for a clinical agent.

1.3. IN11F(ab’), AS A TUMOR IMAGING AGENT

IN11 (aka PGN635) is a new, fully human anti-PS antibody that displays
higher specificity than annexin V and higher affinity than most PS-targeting
agents. IN11 is the latest member of the bavituximab family of antibodies
described in Section 1.2F and also binds PS indirectly through f2GP1. IN11 was
developed by Affitech A/S by screening a large phage library for single chain
variable fragments (ScFv) that bind PS. The ScFv that were selected were affinity
matured and then converted to a full length, fully human IgG. Biacore analysis of
the binding properties of 1N11 revealed that it had similar affinity for B2GP1 as
bavituximab with a measured K4 of 1.8 nM. Bavituximab, 3G4, 2aG4 recognize
domain II of B2GP whereas 1N11 and APS autoantibodies bind domain I. B2GP1
normally exists in a closed loop conformation in serum with domain I interacting
with domain V. APS autoantibodies disrupt this interaction and activate B2GP1
so that it binds to normal vasculature, probably via the Apo ER2 domain which

becomes exposed in domain I. This leads to activation of the endothelium,
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surface expression of leukocyte adhesion molecules and procoagulant
changes.[93] 1N11 recognizes a different epitope within domain I and only
causes B2GP1 to unfold when it encounters PS expressed on the surface of tumor
vasculature or tumor cells (Peregrine Pharmaceuticals, unpublished data). 1N11
is therefore not an APS-inducing antibody.

IN11 has been shown to localize specifically to PS-positive tumor
vasculature in mice (Yi Yin, unpublished results). It exhibits similar
pharmacokinetics to bavituximab and has also demonstrated a similar safety
profile in animals. Therefore, the PET imaging study done with " As-
bavituximab may be considered proof-of-principle for imaging tumors with IN11.

The high binding specificity and high affinity of 1N11 are characteristics
of an ideal imaging agent. Unfortunately, the long serum half life of full-length
IgG is not. Slow glomerular filtration of IgG due to its large size (180 kDA) is
one kinetic factor that contributes to a long serum half life. However, size alone
cannot account for the fact that some IgGs can remain in the circulation for up to
3 weeks. The Fc portion of IgG interacts with neonatal Fc receptors (FcRn;
Brambell receptors) on normal vascular EC that rescue IgG from early endosomes
and return them to the bloodstream. [94-96] Therefore, one strategy to increase
the blood clearance rate of antibodies is to remove the Fc domain by enzymatic
cleavage. Pepsin cleaves IgG at residues just above the hinge region to generating

what is known as a fragment antigen-binding dimer (F(ab’),) (Fig. 1.4). Wahl et
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Figure 1.4. Enzymatic cleavage of IgG to F(ab’)2. Pepsin cleaves full length
IgG (MW = 160 kDa) just above the hinge region to generate F(ab’)2 (MW =
110 kDa).

al. were the first to show that radiolabled anti-carcinoembryonic antigen (CEA)
F(ab’); injected into hamsters cleared the circulation approximately 70% faster
than full length anti-CEA IgG. [97] This faster clearance rate allowed the authors
to efficiently image human colon carcinoma xenografts at 2 days post-injection
instead of 6. Covell et al. reported a mean residence time in the body of 0.5 days

for an F(ab’), with no known binding specificity.[98] The full length IgG1

version of the same antibody had a mean residence time of 8.5 days.
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IN11 F(ab’), has the potential to be extremely effective for imaging PS
exposed in tumors. The pharmacokinetic characteristics of 1N11 F(ab’), in terms
of binding affinity, binding specificity, in vivo stability, and biodistribution are
potentially unmatched by any of the previously described PS-targeting probes.
Although "*As-bavituximab’s potential for tumor imaging has been demonstrated,
IN11 F(ab’), should yield the required tumor:background ratios at much faster
rates. This may allow the use of shorter lived PET isotopes such as Copper-64
(**Cu, ti» = 12.7 hrs), Zirconium-89 (¥’Zr, t;» = 78.4 hrs) and Iodine-124 (***I, t;2

=100.3 hrs).

1.4. DURAMYCIN AS A TUMOR IMAGING AGENT

PS and PE are regulated by the same membrane transporters and
both phospholipids become externalized in the same membrane patches and blebs
on individual apoptotic or irradiated cells.[99]-[100] Therefore, it is reasonable to
hypothesize that PE may also serve as a marker of tumor EC and that PE-targeting
constructs may function much like those that target PS (Fig. 1.5). Duramycin (aka
PA58009 and Moli1901) is a PE-binding peptide produced by the bacterium
Streptocercillium cinnamoneous that has unique physiochemical properties that
may make it an ideal imaging agent. It has a molecular weight of approximately

2.0 kDa and binds PE with a K4 of 4 to 6 nM.[101] Therefore, it is much smaller
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Phosphatidylethanolamine
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Figure 1.5. Duramycin as a potential tumor imaging agent. The PE-binding
peptide duramycin may be used to target imaging agents to tumor vasculature
based on its unique binding characteristics and pharmacokinetic properties.

than annexin V or C2A and binds with much higher affinity than C2A, PSPB-6,
or Zn-DPA.

Duramycin is one of the smallest known polypeptides to form a three-
dimensional binding pocket and binds PE in a 1:1 ratio with exclusive
specificity.[101] The hydrophobic binding pocket is stabilized by four thioether
linkages shared by atypical amino acids known as lanthionines (Fig. 1.6). The
lanthionines are formed by posttranslational modification of Ser-4, Ser-6, Thr-11
and Thr-18. Both serines are dehydrated to didehydroalanine whereas the
threonines are dehydrated to didehydrobutyrine. Nucleophilic addition from the

side chain of cysteine residues then converts didehydroalanine to lanthionine
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Figure 1.6. Intermolecular interactions between duramycin and PE. NMR
analyses revealed a critical ionic bond between Asp-15 and the amine head group
on PE. Hydrophobic interactions between Pro-9 and Val-13 and the glycerol
backbone on PE help to further stabilize binding.[102]

and didehydrobutyrine to methyllanthionine. Ser-4, Thr-11, and Thr-18 react

with Cys-14, Cys-5, and Cys-1 respectively. A reaction between the

didehydroalanine from Ser-6 and the C-terminus forms lysoalanine.[103]



27

Duramycin’s name is derived from its resistance to heat and proteolytic
degradation that these thioether linkages confer.[104] Duramycin is closely
related to another PE-binding lantibiotic peptide named cinnamycin (Ro09-0198),
differing in sequence by a single amino acid. The second residue in cinnamycin is
Arg instead of Lys, but the remaining 18 amino acids and thioether bonds are
completely conserved.

The intermolecular interactions between PE and specific amino acids in
cinnamycin have been mapped by two dimensional proton NMR analyses and are
likely to be identical for duramycin. One ionic bond is formed between the
negatively charged carboxylate from Asp-15 and the positively charged
ammonium group of PE. Another ionic bond is formed between the phosphate on
PE and the amine shared between Ser-6 and the C-terminus. These ionic bonds
are stabilized by hydrophobic interactions throughout the binding pocket: Gly-8
interacts with the ethanolamine headgroup, Val-13 interacts with the glycerol
backbone, and Pro-6 interacts with both (Fig. 1.6).[102] Duramycin
preferentially binds highly curved membranes suggesting further hydrophobic
interactions with the fatty acid tail of PE.[101] Importantly, duramycin’s binding
pocket does not accommodate any other membrane lipid. Although Navarro et al.
first reported that duramycin can also recognize monogalactosyl diglyceride
(MGDG)[105], Iwamoto et al. found that pre-incubation with MGDG liposomes

had no effect on duramycin-induced hemolysis of rabbit erythrocytes.[101] It is
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possible that, in the earlier studies, the MGDG was contaminated with traces of
PE.

Duramycin possesses two primary amines at its N-terminus that can be
used for covalent reactions with reporter molecules used for imaging. There is an
a-amino at the N-terminus and an e-amino presented by the side chain on Lys-2.
The proton resonances of these residues are not shifted when duramycin interacts
with PE, indicating that they are not directly involved in binding.[102]
Duramycin conjugated to fluorescent liposomes was used to visualize PE exposed
on the surface of irradiated EC.[100] Duramycin has also been derivatized with
HYNIC and labeled with *™Tc for SPECT imaging. In vitro binding tests

showed that **™

Tc-duramycin preferentially bound apoptotic lymphocytes over
healthy cells and that this binding could be competed specifically by PE-
containing liposomes. When 99mTc—duralmcyin was intravenously injected into
rats with acute myocardial infarctions, it clearly labeled the infarct sites and
showed low uptake in healthy tissues other than the kidneys and bladder. After 1

hr., the authors reported a 4.0 %ID/g for *™

Tc-duramycin at the infarct site and a
12:1 infarct-to-muscle ratio. Uptake in normal tissues (brain, lung, liver, spleen,
intestine, and bone) was less than 0.40 %I1D/g; except for the kidneys which had a
%ID/g of 2.32*0.48.[106] Importantly, hepatic uptake of 99InTc—duralmycin was
much lower than reported in biodistribution studies of tritiated duramycin (*H-

99m,

duramcyin) injected into rats. ~ Tc-duramycin activity in the liver was 0.28
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%ID/g after 1 hr compared to 32.9 %ID/g for *H-duramycin after 168 hr.[107]
Uptake of the positively charged 3H—duralmycin in the liver is likely mediated by
cationic transporters, such as the organic cation transporter (OCT) and the
multidrug and toxin extrusion (MATE) transporter, whereas the negatively

d 99mTc—duralmycin may escape recognition by such transporters.[108]

charge
Intranasal administration of relatively high concentrations of duramycin

has been shown to stimulate chloride (CI’) secretion and rehydration in airway
epithelium. Duramycin does this by forming channels in the epithelial cells,
stimulating release of Ca®* from intracellular stores, and activating protein kinase
C (PKC).[109-110] The results of phase I and phase II clinical trials studying
duramycin as a potential treatment for cystic fibrosis (CF) suggest that the peptide
may be safely administered to humans. Daily inhalation of 2.5 mg duramycin

was well tolerated in CF patients treated over a course of 25 days with no

evidence of edema, erythema, ulceration, or impairment of nasal function.[111]

1.5. OPTICAL AND PET IMAGING OF TUMORS
1.5A. Introduction

Cancer imaging modalities can be divided into two basic categories: 1)
morphological/anatomical imaging and 2) molecular imaging.[112] Computed
tomography (CT), MRI, and ultrasound are all examples of

morphological/anatomical imaging techniques. Although these modalities are
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characterized by high spatial resolution they suffer from limited sensitivity.
Molecular imaging techniques such as SPECT, PET, and optical imaging
demonstrate much higher sensitivities. These techniques can be used for non-
invasive assessment of tumor physiology at the cellular or even sub-cellular level.
The major advantages and disadvantages of the various tumor imaging modalities

are outlined in Table 1. Two molecular imaging modalities relevant to my thesis

project, optical and PET imaging, will be discussed in further detail in the

following sections.

imaging Viodaiity Disadvaniages
PET Cost, limited spaftial resolution
SPECT Low spatial resolution
MRI Low_ sensitivity, cost,
imaging time
o1 Clinieal translation, high No target specificity, reltdmtlon
_— exposure, poor soft-tissue
resolution v o
contrast
Climcal translation, mgh Variability with operator,
Ultrasound spatial & temporal resolution, targeted imaging limited to
low cost vasculature
High sensitivity, low cost, Limited clinical translation,
Optical high-throughput screening low depth penetration
possible

Table 1. Advantages and disadvantages of different tumor imaging

modalities.
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1.5B. Optical imaging

Recent improvements in optical instrumentation have lead to increased
interest in the use of optical imaging for cancer diagnosis.[113] Lasers can be
used to efficiently excite fluorescent probes in vivo and the resulting low-energy
emissions can be detected with highly sensitive charge-coupled device (CCD)
cameras. The development of near-infrared (NIR) probes has also made optical
imaging of tumors more feasible. As the long excitation and emission
wavelengths (700-1000 nm) used for NIR imaging pass through tissue, they are
less subject to absorption and scattering than the shorter wavelengths used for
other fluorescent probes. In addition, NIR imaging avoids autofluorescence in
tissues from hemoglobin, lipids, melanin and other biomolecules that absorb light
in the visible range (400-700 nm). NIR probes can be detected at tissue depths of
up to several centimeters and may be used to image any tumor close to the surface
of the body or to surfaces accessible by endoscope. Tumors located in the skin,
breast, colon, esophagus, stomach, and bladder are among the possible
candidates.[114] Guidance during surgery is another promising clinical
application of optical imaging. NIR probes that specifically accumulate in
malignant tissue could be used to define tumor margins and allow a more
complete resection of the tumor. For example, glioblastoma multiforme (GBM)

is a highly infiltrative tumor that is difficult to remove surgically without
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damaging the surrounding brain tissue. Optical probes could help identify
residual disease and maximize the effectiveness of surgery.

Carbocyanine dyes are the most commonly used reporters for NIR
imaging. The majority of these dyes have a basic structure that consists of highly
conjugated polymethine units flanked by aromatic groups (Fig. 1.7).[113]
Indocyanine green (ICG) represents the first generation of these compounds and
has been approved by the FDA for clinical use. ICG does not possess any binding
specificity and only passively accumulates in tumors by extravasation through the
leaky vasculature produced by pathological angiogenesis.[115-117] Additional
disadvantages of ICG include high background signals, poor in vivo stability, and
rapid photobleaching. Therefore, derivatives of ICG have been made to facilitate
conjugation to targeting moieties and improve its pharmacokinetic properties.
Cy5.5 (GE Healthcare), Dylight 680-800 (Thermo Fisher Scientific Inc.), Alexa
Fluor 750 (Invitrogen), and IRDye 800CW (LiCOR Biosciences) are
commercially available dyes that are currently being used to make a wide variety
of targeted NIR optical imaging agents. Although Cy5.5 is superior to ICG, its
excitation and emission maxima (675 / 694 nm) border the visible spectrum and

can result in high background signals.[72, 118] The other NIR probes have
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Figure 1.7. Carbocyanine dyes used for NIR imaging. A) Structure for
indocyanine green (ICG, MW = 775 Da). ICG is hydrophobic and not easily
conjugated to targeting moeities. ICG is also characterized by poor in vivo
stability and rapid photobleaching. B) Structure for IRDye 800CW (MW = 1166
Da). The N-hydroxysuccinimide (NHS) ester derivative shown is easily
conjugated to peptides and antibodies. IRDye 800CW also displays higher
fluorescence intensity and more favorable pharmacokinetics compared to ICG.
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excitation/emission further removed from the visible spectrum. IRDye 800CW,
for example, emits at 789 nm and can yield an approximately 6-fold higher tumor-
to-background ratio than Cy5.5.[119] IRDye 800CW also exhibits high
solubility, a high molar extinction coefficient (240,000 L/mol cm), low
nonspecific binding, and a more than 20-fold brighter fluorescence than ICG.

NIR dyes have been conjugated to a several different ligands that bind to
molecules overexpressed on the surface of tumor cells or tumor endothelium.
One of the initial studies was done by Becker et al. who showed that octreotate
conjugated carbocyanine dyes specifically labeled human primary neuroendocrine
tumors growing in mice that overexpress the somatostatin receptor.[120] Another
study showed that epidermal growth factor linked to Cy5.5 (EGF-Cy5.5) only
imaged MDA-MB-468 human breast xenografts with high epidermal growth
factor receptor (EGFR) expression and did not image MDA-MB-435 tumors with
low EGFR expression.[121] HER-2 specific Affibody molecules labeled with
Alexa Fluor 750 have been shown to visualize HER-2-positive SKBR-3 breast
tumors growing in mice. A bivalent Affibody fused to the albumin-binding
domain (ABD) produced a tumor-to-background ratio of 4.5 * 1.5, 48 hrs after
injection. Although a monovalent HER-2 Affibody cleared the circulation at
much faster rate and allowed imaging to be performed within 4 hr, it produced a
maximum tumor-to-background ratio of only 2.5 *0.9.[122] Peptides containing

an arginine-glycine-aspartate (RGD) motif are known to bind a,f; integrins
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overexpressed in tumors and a number of different NIR labeled RGD constructs
have been studied. Wang et al. used cyclo(Lys-Arg-Gly-Asp-Phe) [c(KRGDf )]
peptide to target Cy5.5 to o3 integrins in KS1767 Kaposi's human sarcomas and
M21-L human melanomas growing in mice. The reported tumor-to-background
ratios were 5.5 for KS1767 tumors and 2.3 for M21-L tumors.[123]
Tetramerization of another RGD peptide using was shown to have improved
targeting of Cy5.5 to a3 integrin expressing xenografts over the RGD
monomer.[124] Furthermore, an IRDye 800CW labeled RGD tetramer
containing poly ethylene glycol (PEG) linkers was found to have a more favorable
biodistribution that an RGD tetramer without PEG linkers.[125] Uptake of NIR-
folate has been shown to be 2.4-fold higher in folate receptor (FR)-positive
nasopharyngeal epidermoid carcinomas than in FR-negative HT1080 lung
tumors.[126] An antibody fragment (arcitumomab Fab’) directed against
carcinoembryonic antigen (CEA) has been used for NIR imaging of LS-174T
human colon carcinomas growing in mice.[127] Optical imaging could be also be
used to compliment other tumor imaging modalities. For instance, imaging
methods with greater depth penetration such as PET or MRI could be used to
locate the tumor prior to surgery and the optical reporter could be used as a guide
during surgery. This type of multimodality imaging was demonstrated by Moore

et al. who showed that mucin I-binding peptides labeled with both Cy5.5 and
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SPIO particles could be used for both optical and MRI imaging of LS174T tumors
growing in mice.[128]

Molecular imaging has its roots in the nuclear imaging modalities such as
PET and SPECT, but optical imaging is emerging as a safe, cost-effective
alternative that is highly sensitive and quantitative. While new optical imaging
agents may be particularly useful for assessing drug pharmacokinetics and
pharmacodynamics in small animal models, they also have the potential to

translate to the clinic.

1.5C. PET Imaging
1.5C.1. Introduction

Positron emission tomography (PET) is the most sensitive tumor imaging
modality that is routinely used in the clinic today. During a PET scan, positrons
emitted from nucleus of the injected PET isotope participate in an annihilation
reaction with nearby electrons (generally within a radius of 1 mm) generating a
pair of 511 keV gamma photons that travel in opposite directions (~180°).[129]
Coincident detection of these gamma photons by a ring of detectors surrounding
the patient forms a “line of response” (LOR) and multiple LORs are used to
reconstruct two-dimensional or three-dimensional (3D) images. PET is several
magnitudes more sensitive than MRI, requiring probe concentrations of as little as

10"-10"2 M.[112] Moreover, because the intensity of the signal is proportional
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to probe concentration at the target site, PET imaging allows quantitative
comparisons. The spatial resolution of PET is limited to approximately 4-6 mm,
but is generally better than which can be achieved with SPECT. PET can also be
combined with computed tomography (PET-CT) to determine the anatomical
location of the probe more accurately. Using scanners capable of both modalities,
a CT scan can be performed prior to the PET scan and the two 3D images can be
superimposed on one-another.

Many elements have positron emitting isotopes including carbon o),
nitrogen (°N), oxygen ('°0), and fluorine ("*F) could be potentially incorporated
into biomolecules or drugs as a PET probe. Nonetheless, the only PET probe
currently approved by the FDA for clinical use in humans is
[18F]ﬂuorodeoxyglucose ("*F-FDG). Tumors undergo high rates of glycolysis
relative to normal tissue and '*F-FDG is a glucose analog that can be used for
tumor imaging. Once imported into the cell, BE_FDG is phosphorylated by
hexokinase to 18F—FDG—6—phosphalte. The negatively charged BE_FDG-6-
phosphate cannot be released from the cell and also lacks the 2’ hydroxyl found
on glucose to be metabolized further by glycolytic enzymes. Thus, BE.-FDG
preferentially builds up in cells utilizing high amounts of glucose. '*F-FDG has
been used for imaging many cancers including lymphoma, lung cancer, colorectal
cancer, and head and neck cancer.[130-131] Diminished uptake of BE.FDG by a

tumor following treatment can be indicator that the tumor is responding to the
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treatment. For example, Van den Abbeele et al. have shown that '*F-FDG can be
used to identify of colorectal tumors responding to imatinib treatment as early as
24 hr after the first treatment.[132] There are, however, many disadvantages to
using "*F-FDG for imaging tumors. Some normal tissues such as the brain and
kidneys use high levels of glucose and therefore labeled by "*F-FDG. In fact, all
cells metabolize glucose to some extent and '"*F-FDG imaging suffers from
relatively high background signals throughout the body. Also, decreased uptake
of "®F-FDG in tumors may not indicate tumor cell death, but could instead occur

from the down-regulation of glucose transporters in viable tumor cells.

1.5C.2. PET imaging of prostate cancer

BE_FDG is not effective for the imaging and diagnosis of prostate
cancer.[34] Well differentiated, androgen-dependent prostate tumors do not
exhibit the high rates of glucose metabolism seen in other tumor types. Although
some less-differentiated, androgen-independent tumors utilize glucose, the signal
can be obscured by intense background signals from accumulation of the probe in
the bladder. One study found no difference in '*F-FDG uptake between patients
with benign prostatic hyperplasia (BPH), prostate carcinomas, local recurrence,
and those with only post-operative scar tissue.[133] Therefore, much research has
been devoted to the development and validation of new PET imaging probes for

prostate cancer.
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Prostate-specific antigen (PSA) is an androgen-regulated 33 kDa serine
protease that has long been the most commonly used marker for prostate cancer.
However, PSA is not efficient target for PET imaging probes due to low
sensitivity and limited specificity. PSA levels are sometimes virtually
undetectable in patients with advanced disease or unusually high in patients with
BPH. Recent evidence suggests that prostate-specific membrane antigen (PMSA)
may be a better marker. PMSA is a glycoprotein that is highly expressed in most
prostate cancers and is upregulated as disease progresses towards androgen-
independence and metastasis.[134-135] Protascint (capromab pentitide) is a
commercially available anti-PMSA antibody labeled with Indium-111 (*''In) for
SPECT imaging. However, Protascint is a relatively inefficient imaging agent
because it recognizes an intracellular epitope on PMSA and only binds in necrotic
tissue. J591 is a humanized anti-PMSA antibody that recognizes an extracellular
epitope on PMSA and has been labeled with %4Cu and *Zr for use as a PET
probe.[136-137] ¥Zr -DFO-J591 labeled subcutaneous LNCaP tumors growing
in mice with tumor-to-muscle ratios >20:1 between 48 and 144 hr after
administration.[137] Another cell surface glycoprotein that is expressed in
normal human prostate and overexpressed during malignancy is prostate stem cell
antigen (PSCA). Lepin et al., successfully imaged LAPC-9 prostate tumors in

mice with '**I-labeled anti-PSCA minibodies.[138]
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Choline and acetate have been labeled with either '*F or ''C and used to
identify prostate tumors.[139-141] Rapidly dividing cells require high rates of
membrane synthesis and both choline kinase and fatty acid synthase have been
shown to be upregulated in prostate cancer. Choline kinase phosphorylates
choline and fatty acid synthase metabolizes acetate and are both incorporated into
the cell membrane in the form of PC. Choline uptake has been shown to be
higher than acetate uptake in prostate tumor cells under aerobic conditions.
Conversely, acetate uptake was shown be higher in hypoxic prostate tumor
cells.[142] Increased amino acid metabolism in prostate carcinomas has also been
targeted for PET imaging. '' C-methionine has been used for the detection of
prostate cancer in patients with high prostate serum antigen (PSA) and repeatedly
negative biopsies.[143] An '®F-labeled L-leucine analog, anti-amino-3-'*F-
fluorocylcobutane-1-carboxylic acid ("*E-FACBC), exhibited low background
signals in the bladder and was able to detect primary and recurring prostate
tumors.[144] It is important to note that neither lipid or amino acid metabolism is
specific for prostate cancer.

The androgen receptor (AR) plays an in important role in prostate
carcinogenesis and is often mutated or overexpressed as the disease progresses to
a hormone refractory state.[145] An androgen analog E-fluoro-50-
dihydrotestosterone ('*F-FDHT) has been evaluated for imaging the AR in

prostate tumors. In one study, "*F-FDHT was shown to rapidly label tumors with
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80% maximum tumor uptake observed at 10 min. and provided better imaging of
certain metastatic lesions than 18F—FDG.[146] In another study, 10 out of 15
patients with advanced disease displayed efficient tumor imaging with 'SE_FDHT.
These 10 patients were treated with flutamide and the mean tumor-to-muscle ratio
achieved with '"*F-FDHT dropped from 6.7 * 4.1 to 3.0 * 1.7, suggesting that the
probe may be used to assess therapeutic responses.[134]

Some prostate cancers overexpress gastrin-releasing peptide (GRP)
receptors and the results of several studies suggest that bombesin, a neuropeptide
with high affinity for GRP receptors, labeled with **Cu or '*F compares favorably

to '"F-FDG for imaging prostate tumors.[147-149]

1.5C.3. ImmunoPET with iodine-124

Of the various PET imaging strategies, immuno-PET (using antibody-
based probes) currently offers the highest binding specificity and affinity.[150]
Unfortunately, the relatively long serum-half lives of intact antibodies do not
allow for rapid imaging. As mentioned previously, removal of the Fc portion of
an antibody increases the rate of blood-clearance and therefore, increases the rate
at which the desired signal-to-background ratios can be achieved. Several
different engineered antibody fragments have been developed to improve the
pharmacokinetics of immuno-PET probes. Single-chain variable fragments

(ScFvs) retain the binding specificity of full-length immunoglubulins (160 kDa)
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and can be used to construct much smaller minibodies (80 kDa) or diabodies (55
kDa). Unbound diabodies can clear the blood in <2 hr. as their molecular weight
is just below the threshold for first-pass renal clearance (~60 kDa).[150]
Nonetheless, immuno-PET generally requires the use of “unconventional” PET
radionuclides in order to match the biological half-life of the antibody (or
antibody fragment) with the physical half-life of the isotope.

One unconventional radionuclide that has shown some of the most
promising results in pre-clinical and clinical immuno-PET studies is iodine-124
("**).[151-153] '*I has a half-life of 100.2 hr and is therefore compatible with
any antibody-based construct that clears the circulation within several hours to

124 displays a more favorable biodistribution than %4Cu which is

several days.
retained in the liver and kidneys by copper-binding proteins. 124 also allows for a
variety of labeling methods. Using the Iodogen method, the antibodies are
directly iodinated on tyrosines in the presence of an oxidizing agent (1,3,4,6-
tetrachloro-3a,6a-diphenyl glycoluril).[154] Using the Bolton Hunter method,
the antibodies are indirectly labeled through an acylating reagent (N-
succinimidyl-3[4-hydroxyphenyl]propionate) that reacts preferentially with the
side-chain amino group found on lysines.[155] Antibodies that bind internalizing
cell-surface receptors are shuttled to endosomes and those labeled by the Bolton

Hunter method are less subject to dehalogenation in the acidic organelles than

those labeled by the lodogen method.[156-157] One of the earliest studies
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evaluating an 241 for tumor imaging demonstrated that a 124 labeled rat
monoclonal antibody that recognizes the external domain of human c-erbB-2
could be used to image MDA-MB-361 human breast carcinomas growing in
mice.[158] Collingridge et al. used an anti-VEGF antibody iodinated by the
Bolton Hunter method (‘**I-SHPP-VG76e) to image HT1080-26.6 and HT1080-
1/3C human fibrosarcoma xenografts. Uptake of 2_SHPP-VG76e was found to
be 1.8-fold higher in the HT1080-26.6 tumors which are known to express higher
levels of VEGF than HT1080-1/3C tumors.[157] '**I-labeled anti-CEA
minibodies were used to visualize CEA-positive LS174T human colorectal
carcinomas and demonstrated a tumor-to-background ratio of 11:1 at 18 hrs post-
administration.[159] '**I-C6.5, a diabody that recognizes the HER?2 receptor
tyrosine kinase, demonstrated clear delineation of MDA-MB-361 tumors growing
in mice by 48 hrs. Biodistribution analysis showed that 1.1% of the injected dose
localized to the tumor, whereas only 0.26% and 0.05% were retained in the liver
and muscle respectively.[156] In a different study, an anti-HER?2 affibody was
labeled with '>*1 using p-iodobenzoate as a linker (124I—PIB—ZHER2;342). 241 PIB-
Zyer2:342 imaged NCI-N87 human stomach carcinoma xenografts and was shown
to provide better tumor contrast at a faster rate than a full-length anti-HER2

antibody (124I—PIB—trastuzumab).[160] A monoclonal antibody that binds anti-

124

Thomsen-Friedenreich antigen (TF-Ag) was labeled with "~'T and used to image

4T1 murine mammary tumors.[161] Tijink et al. used an iodinated a human
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monoclonal antibody fragment directed against extra domain B of fibronectin
("**I-L19-SIP) to image FaDu hypopharyngeal carcinomas growing in mice. The
authors were able to detect tumors as small as 50 mm® and achieved tumor-to-
blood ratios as high as 46:1 by 72 hrs.[162] 24 has recently become more
commercially available and therefore has received renewed interest as a clinical
imaging agent.[150] In one clinical study, 26 patients with renal masses were
injected with an antibody specific for carbonic-anhydrase-IX ('**I-cG250) which
is overexpressed in clear-cell renal carcinomas. The patients were imaged 1 week
later and approximately 3 hr prior to surgical resection by laparatomy. 24.¢G250
successfully identified 15/16 tumors using a tumor-to-healthy-kidney ratio of >3:1
as a threshold. The remaining 9 non-clear-cell renal masses were negative for the
probe.[163]

124
f

There are several characteristics of “'I that may impede its translation to

the clinic. '**I has a relatively low positron yield (23%) and suffers from low
inherent resolution from the higher energy and longer range of the positrons that

are emitted. In addition, quantitation of 124

I signals is difficult due to a complex
decay scheme in which gamma rays are emitted in cascade with those generated
from the annihilation of emitted positrons.[164] Some of these problems may be
overcome with improved instrumentation and analytic software and the data

124

generated to date suggest immuno-PET with “"I-labeled probes warrant further

study.
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CHAPTER 2

NEAR-INFRARED OPITCAL IMAGING OF EXPOSED

PHOSPHATIDYLSERINE IN A MOUSE GLIOMA MODEL

Introduction

Molecular imaging can provide useful information for drug development, patient
stratification and assessing response to therapy [165-166]. Successful cancer imaging
requires imaging probes that recognize cancer-specific markers with great specificity
and sensitivity. Cell surface-exposed PS is an attractive target for molecular imaging.
PS is strictly located to the inner leaflet of the plasma membrane bilayer in most normal
cell types, including the vascular endothelium. Loss of PS asymmetry occurs during
apoptosis and necrosis, resulting in the exposure of PS on the external surface of the
cells [167-168]. Much interest has been roused in developing molecular imaging probes
that bind to the exposed PS in order to noninvasively monitor the response of patients’
tumors to various treatments from the induction of tumor apoptosis. Annexin V (AS5) is
the PS binding ligand that is most widely used for this purpose. Various radiotracers
have been conjugated to annexin V for PET or SPECT imaging in preclinical tumor
models and cancer patients [169-170].

It has recently been observed that PS becomes exposed on the outer surface of
viable (non-apoptotic) endothelial cells in tumor blood vessels, probably in response to

oxidative stresses present in the tumor microenvironment [21, 171]. Vascular
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endothelium in normal tissues does not have exposed PS. Thus, in addition to imaging
apoptotic tumor cells, PS binding probes also image the exposed PS on tumor
vasculature. We have developed a series of monoclonal antibodies that recognize PS
with higher specificity than does annexin V [88, 171]. The antibodies recognize PS
complexed with the PS-binding protein, f2-glycoprotein I (32GP1). The murine
antibodies 2aG4 and 3G4 localize to PS-positive blood vessels in multiple tumor
models. The antibodies then induce monocytes to bind to the tumor vasculature and
destroy it by antibody-dependent cellular cytotoxicity, leading to tumor growth
inhibition [22, 24]. Antitumor effects are enhanced by chemotherapy [25], radiation
[23] and hormone-deprivation therapy [90], all of which increase PS exposure in the
tumors, and amplify the target for attack by the antibodies. Bavituximab, a chimeric
monoclonal anti-PS antibody, is in advanced clinical trials in patients with lung and
breast cancer [172-173].

In the present study, we used a new, fully human PS-targeting antibody, 1N11.
This antibody is similar to bavituximab in that it requires f2GP1 for binding to PS. To
detect PS, we conjugated the F(ab’), fragment of 1N11 with a NIR dye, IRDye800CW,
and used it together with optical imaging to study PS exposure on subcutaneous or
orthotopic U87 gliomas in athymic mice. Optical imaging is an inexpensive and rapid
technique that allows real-time measurements to be made of PS exposure in vivo. NIR
dyes have advantages over visible fluorophores in that they use excitation and emission

wavelengths in the NIR range. NIR light penetrates tissues more deeply than visible
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light and causes minimal autofluorescence. The NIR dyes therefore allow imaging of
deep-seated orthotopic gliomas in the mouse brain [174-176]. To explore whether
800CW-1N11 could be used to monitor dynamic changes in levels of PS exposure,
gliomas were imaged before and after irradiation. PS exposure was elevated by
irradiation, with the maximal tumor to normal tissue ratio (TNR) being obtained 24 h
after irradiation. Fluorescence microscopy revealed that irradiation induces PS exposure
on both the vasculature and on the tumor cells themselves. Our findings suggest that
800CW-1INI11 is a useful tool with which to study PS exposure in preclinical animal
tumors. These experiments lay the foundation for further development of 1N11 as an

imaging agent in the clinic.

Results
PS exposure on blood vessels and tumor cells in gliomas

An average of 27 £ 10 % of blood vessels in non-irradiated tumors had exposed
PS on their endothelium, as judged by coincident staining of vessels by 1N11 and anti-
CD31 (Fig. 2.1A and 2.2). Irradiation increased PS exposure on tumor vessels to 64 + 6
% (P <0.001; Fig. 2.1A and 2.2). In addition, irradiation induced PS exposure on the
tumor cells themselves (Fig. 2.1A). The localization seen with IN11 was antigen-

specific since the negative control 800CW-Aurexis produced relatively little staining

(Fig. 2.1B and 2.2).
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Figure 2.1 Immunohistochemical study of localization of 1N11 antibody in non-
irradiated and irradiated tumors. Mice bearing a subcutaneous U87 glioma on each
thigh received a single dose of 12 Gy irradiation to the left side tumor. Exposure of PS
was determined 24 h later by 1.v. injection of full length 1N11 or control antibody
Aurexis. Animals were perfused with saline 3 h later. A) Frozen sections of both non-
irradiated and irradiated tumors were analyzed for the presence of fluorescently labeled
IN11 (green). Vascular endothelial cells were counterstained with anti-CD31 (red).
Merged images revealed coincidence of staining showing that 1N11 was bound to
vascular endothelial cell in the non-irradiated tumor. Increased 1N11 staining was seen in
the irradiated tumors and was due to increased staining of both endothelial cells and
tumor cells. B) Tumor sections from control animals that had been injected with Aurexis
were essentially unstained.
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Figure 2.2. Quantification of THC study of localization of 1N11 antibody in non-
irradiated and irradiated tumors. Irradiation increased the percentage of PS-positive
vessels from 27 £10% to 64 + 6% (P<0.001). Staining with 1N11 was antigen specific
since Aurexis gave low levels of staining. (adopted from Zhao et al., 2011)

In vivo optical imaging of PS exposure in non-irradiated gliomas

800CW-1N11 localized with high selectivity to subcutaneous U87 tumors in
mice. Clear contrast between the tumor and contralateral normal tissue was visible 24 h
after injection and improved further by 48 h after injection (Fig. 2.3). Time course studies
showed that the light intensity in the tumor and normal tissue was maximal 5 min after

injection, and then decreased abruptly over the next 4 h. However, in contrast to
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the fast wash out in normal tissues, the signal in the tumor was maintained over time.

The TNR was 2.2 at 24 h and 2.5 at 48 h (Fig. 2.4).

Pre 5 min 30 min 60 min

Fig. 2.3. In vivo NIR imaging of baseline level of PS in a subcutaneous glioma. A
representative subcutaneous U87 glioma grown on the right thigh of a mouse (arrow).
800CW-1N11 was injected i.v. and optical imaging was performed at various time points
thereafter. During the first 4 h, the images showed accumulation in the tumor area.
However, by 24 h, the light signal remained only in the tumor and persisted there for at
least 48 h after injection. (adopted from Zhao et al., 2011)
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Figure 2.4. 800CW-1N11 clearance from tumor vs. muscle. Mean light intensity
curves for the tumor (open circles) and the contralateral muscle (solid squares) revealed
that 8O0CW-1N11 rapidly gave signals in both the tumor and the normal muscle but that

the tumor signal persisted while the muscle signal washed out by 24 h. The tumor:muscle
ratios were 2.2 at 24 h and 2.4 at 48 h. (adopted from Zhao et al., 2011)

Dynamics of PS exposure in response to radiation

A single dose of 12 Gy of irradiation was given to the left side tumor of mice
carrying tumors on each thigh. 800CW-1N11 was injected 24 h later. As expected, the
non-irradiated tumors on the right side gave similar results to those of mice with single
tumors (Fig. 2.3) with a maximum TNR of 2.5 + 0.5 being obtained 24 h after injection

(P <0.05; Fig. 2.5 and 2.6). Irradiation significantly enhanced tumor contrast. A TNR of
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2.8 £ 1.1. was obtained 4 h after injection, rising to 4.0 + 0.2 24 h after injection. The
ratio of the TNR 1in the irradiated tumors to that in the non-irradiated tumors was 1.6 at 24

h after injection.

15 min 30 min
24 h no skin

Figure 2.5. In vivo NIR imaging of PS exposure in gliomas before and after
irradiation. Mouse bearing size-matched subcutaneous tumor on each thigh. A single
dose of 12 Gy irradiation was delivered to the left side tumor. 24 h after radiation,
800CW-1N11 was injected via a tail vein and a series of in vivo fluorescence images was
acquired at different time points. The contrast between the non-irradiated tumor on the
right side and normal muscle increased over the 24 h period after injection to a TNR of
2.6. Irradiation of the tumor on the left side increased PS exposure to a TNR of 4.2.
(adopted from Zhao et al., 2011)
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Figure 2.6 800CW-1N11 shows higher TNR in irradiated tumors. A time
course study revealed that the maximal TNR of 2.5 was achieved at 24 h for non-
irradiated tumors (n = 4; blue line), while an even higher TNR of 4.0 was
obtained at 24 h for the irradiated tumors (n = 4; red line; p < 0.05). (adopted from
Zhao et al., 2011)
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Specificity of 800CW-IN11
The binding specificity of 800CW-1N11 was confirmed by comparing its

localization pattern with that of the negative control 800CW-Aurexis. Figure 2.7A
shows that 800CW-Aurexis entered both the irradiated and the non-irradiated tumors
within 30 min of injection, but rapidly washed out. No significant contrast remained
between either the irradiated or the non-irradiated tumors and normal tissues by 24 h
(Fig. 2.7B). Furthermore, preadministration of unlabeled 1N11 before giving the 800CW-
IN11 almost completely blocked localization of the 800CW-1N11 to both irradiated

tumors and non-irradiated tumors (Fig. 2.8).
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Figure 2.7. Specificity of 800CW-1N11 F(ab’), optical probe in vivo. To establish
the antigen specificity of the 800CW-1N11 probe, a control probe 800CW-Aurexis was
injected into the mice 24 h after irradiating one of the tumors in the flanks. A series of
whole body images was acquired. A) The 800CW-Aurexis accumulated in both tumors
during the first hour. However, both signals dimmed thereafter. There was no significant
signal left in either tumor 24 h after injection. B) A time course study showed that
800CW -aurexis did not accumulate in either the non-irradiated tumors (n = 2) nor the
irradiated tumors (n = 2). (adopted from Zhao et al., 2011)
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Figure 2.8. Pretreatment with unlabeled 1N11 blocks 800CW-1N11 tumor uptake.
A competition study showed that preinjection of unlabeled 1N11 (2.5 mg/kg, i.v.) 4 h
before imaging blocked 800CW-1N11 accumulation in both the irradiated tumor (left)

and non-irradiated tumor (right). (adopted from Zhao et al., 2011)
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In vivo optical imaging of PS exposure in orthotopic gliomas

800CW-1N11 successfully imaged U87 gliomas growing in the brains of mice,
despite the light having to pass through the skull. Before optical imaging, MRI revealed
that the mice had high signal intensity intracranial tumors on T,-weighted images and
ring-shaped contrast enhancement on T1—weighted contrast enhanced images (Fig. 2.9A).
A clear light signal that corresponded to the MRI image in location and size was obtained
24 h after injection of 800CW-1N11 (Fig. 2.9B). The signal approximately doubled after
irradiation of the brain (Fig. 2.10). To confirm that the signal originated from the brain
tumor, a surgical procedures was performed on anesthetized mice to reflect the scalp and
remove the skull to expose the brain. A brighter and more focused light signal was
emitted from the region of tumor growth (Fig. 2.9B). The tumor to normal brain ratio for
irradiated tumors was 4.4 + 0.4, as compared with 2.2 + 0.6 for non-irradiated brain

tumors (Fig. 2.10).
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Fig. 2.9 In vivo optical imaging of PS exposure in orthotopic gliomas. A
representative mouse bearing an orthotopic U87 glioma was irradiated with a single dose
of 12 Gy to the whole brain using a D shaped collimator. A) Anatomic MRI revealed a 5
mm diameter intracranial lesion crossing the midline to invade the left side brain on the
consecutive To-weighted slices. T;-weighted contrast enhanced MRI showed the typical
ring shaped enhancement in the tumor periphery. B) 800CW-1N11 was injected into the
mouse 24 h after radiation and dynamic NIR optical imaging was performed. As with
the subcutaneous tumors, maximal tumor contrast was achieved 24 h after injection.
Removal of the skull increased the signal and subsequent dissection confirmed that the
signal was from the tumor. (adopted from Zhao et al., 2011)
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Figure 2.10. Quantification of 800CW-1N11 uptake in orthotopic U87
gliomas. The tumor versus contralateral normal brain ratio was 1.2 + 0.6 for non-
irradiated tumors and 1.5 + 0.4 for irradiated tumors in the intact mouse brain 24
h after injection. After removal of the skull, the TNR of 4.4 + 0.4 for irradiated
tumors became significantly higher than the TNR of 2.3 + 0.5 for non-irradiated
tumors (P<0.01). (adopted from Zhao et al., 2011)
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Near infrared fluorescence microscopy to detect 800CW-1N11 in tumors

A fluorescence microscope equipped with NIR filters was used to detect 800CW-
IN11 in cryosections (7 um) prepared from subcutaneous tumors 24 h after injection of
800CW-IN11. In good agreement with histological findings with unconjugated 1N11
(Fig. 2.1), merged images clearly showed that the 800CW-1N11 was binding essentially
exclusively to vascular endothelial cells in non-irradiated tumors (Fig. 2.11). Irradiation
increased the % of PS positive vessels and also induced PS exposure on the tumor cells
themselves. Thus, the 800CW-1N11 signal in non-irradiated tumors derives from PS-
positive vasculature, whereas the stronger signal in irradiated tumors derives from both

PS-positive vasculature and tumor cells.
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Fig. 2.11. NIR microscopy to detect of the location of the 800CW-1N11 optical
probe in non-irradiated or irradiated gliomas. A) Mice bearing s.c. gliomas that
had been irradiated (12 Gy) or sham-irradiated (0 gy) were injected with 800CW-1N11
24 h later. Irradiation increased the tumor signal, as above. The gliomas and
contralateral muscle (mu) were excised. B) Sections of non-irradiated (top row) or
irradiated U87 gliomas (bottom row) were examined for the presence of 800CW-1NT11
(red), CD31 (green) or DAPI (blue). Vascular endothelial cells were detected by
immunoflurescence staining with anti-CD31 (green). Nuclei were detected with DAPI
(blue). NIR signals were detected with an infrared filter. The merged image shows that
the IN11 optical probe colocalized with tumor vascular endothelial cells in the non-
irradiated tumor. In contrast, irradiation increased the NIR signal not only on the
vascular endothelial cells but also on the tumor cells. (adopted from Zhao et al., 2011)
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Discussion

We have demonstrated the feasibility of using IN11 F(ab’), labeled with the NIR
dye, 800CW, for optical imaging of PS exposure in both subcutaneous and orthotopic
mouse models of U87 glioma. Baseline level of PS signals detected in non-irradiated
gliomas by in vivo NIR imaging correlated with histological findings of endogenously
exposed PS on tumor vascular endothelial cells. This is in a good agreement with
previous studies performed in various tumor models [21-25, 88, 171]. Irradiation-induced
PS exposure was successfully visualized by 800CW-1N11 optical imaging in mice.
Fluorescence microscopy confirmed that both 1IN11 and 800CW-1N11 localized more
strongly to the irradiated tumors. The binding specificity of 1IN11 was verified by
competition experiments with unconjugated IN11 and by the lack of staining with the
irrelevant control 800CW -Aurexis.

Non-invasive molecular imaging of apoptosis is of great clinical interest as it would
give an early indication of the responsiveness of a patient’s tumor to therapy, allowing
alterations in the therapy to be made if responses were not as good as expected [169-170,
177]. In the past several years, a great deal of effort has been made in developing such
molecular imaging approaches. Radiolabeled and fluorescent annexin V preparations
have been extensively tested in animal studies [73, 178-179]. More recently, clinical
studies of PET or SPECT imaging with radiolabeled annexin V have shown that a higher
uptake of annexin V by tumors during or after treatment correlates positively with a

better prognosis in patients with breast, head and neck or lung cancer [59, 65, 180]. It is
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important to note, however, that not all PS-expressing tumor cells in responding tumors
are apoptotic. Hammill et al found that many of the cells that stain positively for annexin
V are viable and can resume growth and reestablish phospholipid asymmetry once the
therapy is discontinued. These results indicate that PS exposure, and thus loss of
membrane asymmetry, precedes commitment to apoptotic death [181].

IN11, bavituximab and related murine monoclonal antibodies recognize PS and
other anionic phospholipids in a B2GP1-dependent fashion. The antibodies have a more
restricted specificity for PS than does annexin V, which recognizes PE in addition to PS
and other anionic phospholipids [21, 182-183]. The high specificity of our antibodies for
PS suggested their use for imaging tumor vasculature. We previously radiolabeled
bavituximab with "*As, which is a long-lived positron emitter having a radioactive half
life of 17.8 days, and used it to image the vasculature of Dunning prostate R3227-ATl1
tumors in rats. The long half life of " As allowed the intact antibody to reach its optimal
target to background selectivity at 72 h without significant radioactive decay [26].
Tumor selective targeting was observed by PET imaging and a maximum of 22 tumor-
to-liver ratio in rat tumors was achieved.

In the present study, we used the F(ab’), fragment of IN11 for optical imaging to
ensure its rapid clearance from the bloodstream and the achievement of high
tumor:background ratios by 24 h after injection. Since the target on vascular endothelial
cells is directly accessible to the blood, IN11 localizes rapidly to tumor vessels. IN11 is

not internalized to any significant extent by cells and so persists for 2-3 days on the
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endothelial cell surface, giving plenty of time for the unbound 1N11 F(ab’), in the blood
to be cleared. We found in the present study that IN11 labels about 27% of the vessels
in non-irradiated U87 gliomas. Different tumors vary in the percentage of their vessels
that have exposed PS [21, 23-24, 26]. In Dunning R3227-AT1 prostate tumors, 40% of
vessels have exposed PS [26]. In F98 gliomas, the percentage is only 11% [24]. PS
exposure on viable endothelial cells is induced by hypoxia, acidity and other stresses
known to be present in the tumor microenvironment [21]. Probably, differences in PS
positivity in different tumors relates to the levels of oxidative stresses in the tumor
microenvironment.

Irradiation of U87 tumors with 12 Gy increased the percentage of tumor vessels
that had exposed PS from 27% to 64 %, and increased the TNR from 2.8 to 4.0. These
findings accord with our earlier finding that irradiation of A549 NSCLC xenografts and
F98 gliomas increase vascular expression of PS [23-24]. Endothelial cells in tumors are
highly sensitive to irradiation and will expose PS after a little as 5 Gy. We have
previously shown that endothelial cells in tumors irradiated with 5 Gy appear to remain
viable. They remain morphologically intact and lack markers of apoptosis for several
days [23]. In the present study, 12 Gy of irradiation also induced PS exposure on the
tumor cells in U87 tumors, thus contributing to the increased localization of 800CW-
IN11 in irradiated tumors. Further studies are needed to determine whether the PS-

expressing tumor cells are apoptotic or not.
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Optical imaging is increasingly being used in preclinical cancer research [184-
185]. It is being used in particular to study cancer specific markers, drug
pharmacokinetics, and to monitor drug effects in small animals [119, 174, 186]. The
attraction of the technique is that it is inexpensive, simple to conduct, gives real-time
results, and does not require the handling and disposal of radioactive isotopes. In the
clinic, optical imaging by visualizing fluorescently labeled tumor cells has recently
emerged as an attractive approach to facilitate identification of tumor margins or sentinel
lymph node metastases [187-188]. Several prior studies have demonstrated in vivo
optical imaging of apoptosis with Annexin V labeled with Cy5.5, a red excitable dye
[73]. However, the NIR dye IRDye800CW appears to be superior to Cy5.5 for in vivo
imaging [119]. NIR fluorescence has advantages over visible fluorophores, including
deeper penetration into tissues due to lower tissue absorption and scattering of light, and
minimal autofluorescence. Our previous study showed the feasibility of imaging deep-
seated orthotopic glioma of a mouse model with IRDye800 labeled 2-deoxyglucose
[175]. Here, we have demonstrated the ability of NIR optical imaging to detect PS
translocation in both subcutaneous and orthotopic glioma model.

Other labels besides optical dyes should be considered for attachment to 1N11
F(ab’), fragments. What is particularly impressive about 1N11 as a targeting ligand is its
high specificity, lack of uptake by the liver or any other organs, rapid acquisition by its
vascular target, and its persistence on the vascular target for days. It is an excellent

candidate, for example, for labeling with DOTA and %4Cu for PET or "'In for SPECT. It
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should have applications not only in tumor imaging but also in the imaging of thrombi or
sites of ischemia for cardiovascular investigations. It will also be interesting to combine
IN11 probes with functional MRI to correlate vascular perfusion or permeability with PS
distribution.

In summary, we have combined NIR optical imaging with 1N11, a novel
monoclonal anti-PS antibody, to monitor in vivo dynamics of PS exposure in glioma of
mouse models. We show that irradiation increases the PS signal, suggesting that
irradiation causes intratumoral changes that may predict response to therapy. The high
tumor specificity demonstrated byIN11 in the present study underscore the prospects of

using I1N11 and related antibodies to treat cancer in humans.
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CHAPTER 3

PET IMAGING OF EXPOSED PHOSPHATIDYLSERINE IN A MOUSE

PROSTATE CARCINOMA MODEL
Introduction

Phosphatidylserine (PS) is an attractive molecular target for new cancer
imaging agents designed to improve disease diagnosis and therapeutic planning.
PS is a membrane lipid that is not normally found on the surface of healthy,
resting cells because transporters and cytoskeletal proteins sequester PS to the
inner leaflet of the plasma membrane. [100, 189] When cells undergo apoptosis,
PS redistributes to the outer membrane leaflet to serve as a cell-surface marker for
phagocytic clearance. [190-191] However, oxidative stress within the tumor
microenvironment can also cause PS to become externalized on non-apoptotic
cells. ROS induced by low pH, inflammation, and hypoxia within tumors
together with reactive tumor metabolites damage the cell membrane allowing an
influx of extracellular Ca** and, at the same time, stimulate ceramide production
by acid sphingomyelinase (aSMase). Ca®™ signaling to transporters combined with
membrane phase transitions by ceramide leads to redistribution of PS to the cell
surface.[7, 9, 36-37, 192] PS has been found to be one of the most specific
markers of tumor endothelium and is constitutively exposed on many tumor

cells.[21, 25, 100, 171]
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Several PS-targeting strategies have been employed to image tumors and
their response to apoptosis-inducing therapies. The most widely studied PS-
binding probe is Annexin V, a 35.8 kDa protein that binds PS in a calcium-
dependent manner. Annexin V radiolabeled with different positron emitting
isotopes has been used for positron emission tomography (PET) imaging of
tumors in different animal models.[66, 70, 193] Technetium-99m (99mTc) labeled
Annexin V has been used for single photon emission computed tomography
(SPECT) imaging in human patients and showed some prognostic value for head
and neck cancer, late stage lung cancer, and lymphoma.[65, 194] The C2A
domain of synaptotagmin I, which is known to bind PS and other anionic
phospholipids, has been radiolabeled for both PET and SPECT imaging of lung
carcinomas treated with paclitaxel.[79-80] Similarly, a 14-residue PS-binding

h **™T¢ has been shown to localize to melanomas treated with

peptide labeled wit
paclitaxel.[84] However, each of these probes display unfavorable
pharmacokinetics resulting in a high background signals throughout the
abdominal region and specifically the liver and kidneys. ApoSense probes that
mimic y-carboxyglutamic acid (Gla) and synthetic compounds that coordinate
Zn** (e.g. zinc(I)-dipicolylamine) are low molecular weight PS-specific probes
that may have more desirable pharmacokinetic properties.[85, 87] However,

further characterization and optimization of these probes is required to evaluate

their true potential for tumor imaging.
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We have developed an anti-PS mouse chimeric monoclonal antibody
known as bavituximab as a tumor vascular targeting agent. Bavituximab binds PS
through an interaction with the serum protein 2-glycoprotein I (B2GP1) with
higher specificity than Annexin V and higher affinity than the other
aforementioned probes. Upon binding to PS exposed on tumor endothelium,
bavituximab inhibits tumor growth by recruiting tumor killing (type M1)
macrophages. Chemotherapy, radiation, and hormone-deprivation therapy all
increase exposure of PS in tumors and the antibody shows highest efficacy when
used concomitantly with these treatments. Bavituximab does not accumulate in
normal tissues, exhibits minimal side effects, and is currently being studied in
phase II clinical trials. In order to determine the antibody’s potential use for
tumor imaging, we labeled it with the positron emitting isotope As (t;p=17.8
days) and injected it into rats bearing subcutaneous prostate tumors. Radiolabeled
bavituximab clearly labeled the tumors, but optimal images were not obtained
until 72 hrs after injection.[26]

In the present study, we used a new fully human PS-targeting antibody,
referred to as 1N11, to image prostate tumors growing in mice. The Fc portion of
IN11 was enzymatically removed and the resulting F(ab’), fragment was labeled
with iodine-124 (1241). N F(ab’), efficiently labeled both subcutaneous and
orthotopic PC3 prostate tumors. Optimal images were obtained at 48 hours post-

injection and the probe showed low uptake in non-target organs including the
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liver and kidneys. 2ILIN11 F(ab’), has a favorable signal: background ratio
compared to other tumor imaging agents and may be particularly useful for

assessing response to therapy.

Results

Radio iodination does not affect IN11 F(ab’), binding to PS.

The PS-binding antibody fragment 1N11 F(ab’), was directly labeled with
radioactive iodine through endogenous tyrosines (Figure 3.1A). After
purification, the products of the '**I-1N11 F(ab’), labeling reaction were analyzed
using a gel filtration column and all radioactivity eluted with fractions
corresponding to intact F(ab’), (Figure 3.1B). Furthermore, IN11 F(ab’), labeled

with 1%

I fully retained binding activity. It had approximately the same ability to
compete with biotinylated IN11 (IN11-LB) as unlabeled F(ab’), for binding to
PS immobilized on plastic. A 10-fold excess of '*I-IN11 F(ab’), or unlabeled
F(ab’), inhibited 1N11-LB binding to PS by 55.5% and 57.3% respectively
(Figure 3.2A). Radioiodination also did not affect the ability of IN11 F(ab’), to
detect PS exposed on the surface of cultured endothelial cells and prostate tumor
cells. We have previously shown that PS becomes externalized on the surface of
cultured endothelial cells within 24 hr of x-irradiation.[27, 100] Therefore,

ABAE and PC3 cells were irradiated with 5 Gy to induce exposure of PS. 124

IN11 F(ab’), showed specific binding to both types of PS-positive cells (Figure
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3.2B). '*'I-Aurexis F(ab’),, the isotype matched control, did not show significant

binding to irradiated or non-irradiated cells.
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Figure 3.1. 1N11 F(ab’);, is stable in PBS. A) Tyrosine residues in IN11 F(ab’),
were directly labeled with 124 using the iodogen method. B) Gel filtration

analysis demonstrated that radioactivity eluted with peak corresponding to intact
F(ab’),.
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Figure 3.2. Radioiodination does not affect binding to PS. A) Competition
ELISA showing 1N11 F(ab’), and '*’I-IN11 F(ab’), have same ability to compete
with biotinylated IN11 (IN11-LB) for PS. B) '**I-IN11 F(ab’), bound
specifically to PS exposed on the surface of irradiated EC and tumor cells.
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1 INIIF (ab’); is stable in vivo and binds serum f2GP1

Radioiodinated antibodies that bind cell-surface receptors can be
internalized and dehalogenated by lysosomal proteolysis.[195] Therefore, serum
collected from mice injected with '**I-IN11 F(ab’), was analyzed by HPLC size
exclusion chromatography to determine if 2ILIN11 F(ab’), is also metabolized in

vivo. At 48 hrs post-injection, there was no evidence of lower molecular weight

124 124

I-labeled degradation products or free "~ in the circulation (Figure 3.3A). In

124
fact,

[-1N11 F(ab’), ran at a higher molecular weight after injection into and
recovery from mouse plasma. We hypothesized that the higher molecular weight
was the result of '**I-1N11 F(ab’), binding to serum p2GP1. In support of this
hypothesis, full-length 1N11 antibody that had been injected into mice was found
to co-immunoprecipitate with mouse B2GP1 (Figure 3.3B). Purified human
B2GP1 (hB2GP1) was used as a positive control and migrates slightly further than
the mouse homolog during SDS-PAGE because it is less glycosylated (3 vs. 5

oligosaccharide side chains). Aurexis (ctrl) collected from mouse serum does not

co-immunoprecipitate with f2GP1.
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Figure 3.3 24 N1 F(ab’), is stable in vivo and binds serum p2GP1. A)
HPLC analysis of serum from mice injected with "**I-1N11 F(ab’), shows no
evidence of dehalogenation or metabolic degradation of the probe at 48 hr. '**I-
Aurexis F(ab’), control also appears stable in vivo. B) W.Blot showing 1N11 co-
immunoprecipitates with serum B2GP1 following systemic injection into mice.
Aurexis (ctrl) collected from serum does not bind B2GP1.
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INI11 F(ab’), biodistribution

To evaluate uptake of radioiodinated 1N11 F(ab’), in specific tissues,
biodistribution studies were conducted in male athymic nu/nu mice bearing
subcutaneous PC3 tumors. After 24 hr, I251N11 F(ab’); activity in the blood
was measured at 6.7% ID/g (10.9% ID/organ) whereas uptake in all other tissues,
including tumor, was <3% ID/g (<2% ID/organ) (Figure 3.4). The 11 Aurexis
F(ab’), control displayed low uptake in all tissues with activity in the blood
measured at only 0.2% ID/g (0.4%ID/organ) after 24 hr. After 48 hr, '**I-IN11
F(ab’), activity was high in the tumor (1.1 %ID/g) and blood (1.4 %ID/g) relative
to other tissues (Figure 3.5). The tumor:blood ratio was 0.8:1 whereas the

tumor:liver ratio was 3.3:1.
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Figure 3.4. "I-1N11 F(ab’), biodistribution at 24 hr. 24 hr p.i., blood activity
remains relatively high and tumor uptake of 'L IN11 F(ab’), is not higher than
uptake in non-target organs. The '*I-Aurexis F(ab’), control is almost completely
cleared from the blood, organs, and tumor.
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Figure 3.5. '*I-1N11 F(ab’), biodistribution at 48 hr. 48 hr p.i., "**I-IN11
F(ab’); activity was high in the tumor and blood relative to other tissues. The
tumor:blood ratio was 0.8:1 whereas the tumor:liver ratio was 3.3:1.
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MicroPET imaging of PC3 tumors with 121 IN11 F(ab’),

Mice with subcutaneous PC3 tumors growing in their right flank were
injected with '*I-IN11 F(ab’), and imaged at 24 and 48 hr (Figure 3.6). Tumor-
bearing mice injected with 1241 Aurexis F(ab’), were used as negative controls.
After 24 hr, the high background signal from normal tissues did not allow for
specific imaging of the tumor. However, at 48 hr post-injection (p.i.) localization
of '*I-IN11 F(ab’), to the tumor provided sufficient tumor to background ratios
to give clear delineation of the tumor. Quantitative analysis revealed that average
tumor uptake was approximately 1.2% ID/g, thus correlating closely with the
biodistribution studies performed with '*I-1N11 F(ab’),. Average uptake in the
heart, liver and muscle was quantified as 0.9, 0.7, and 0.2 %ID/g respectively.

.IN11 F(ab’), also successfully imaged PC3 tumors growing in the
mouse prostate (Figure 3.7). Average tumor uptake of 2LLIN11 F(ab’), 48 hr
after injection. was 1.6% ID/g and the signal correlated to the approximate size
and location of the tumors as determined by bioluminescence imaging (BLI).

1241_Aurexis F(ab’), did not label either subcutaneous or orthotopic PC3 tumors.
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24 hr 48 hr

Figure 3.6. PET imaging of subcutaneous PC3 tumors with 24 1N11
F(ab’),. At 48 hr p.i., subcutaneous PC3 tumors (arrow) were clearly delineated
by '**I-IN11 F(ab’),. Signal in heart is from blood pool. Signal from the bladder
was subtracted during image analysis. 1241 Aurexis F(ab’), (ctrl) did not label
tumors.
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Figure 3.7. PET imaging of orthotopic PC3 tumors with '**I-1N11 F(ab’),.
At 48 hr p.i., "*I-1N11 F(ab’), successfully imaged PC3 tumors growing in the
mouse prostate. The PET signal correlated to the approximate size and location
of the tumors as determined by bioluminescence imaging (BLI). '**I-Aurexis
F(ab’); (ctrl) did not label orthotopic PC3 tumors.

80
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Discussion

The present study demonstrates that the PS-binding antibody fragment
IN11 F(ab’), can be labeled with iodine-124 and used for PET imaging of
prostate tumors growing in mice. The stability, affinity, and biodistribution of
IN11 F(ab’), compares favorably with PS-targeting probes previously studied
for tumor imaging such as annexin V and C2A domains[56, 79, 196-197].

We used the iodogen method to oxidize iodine-124 to a positively charged
reactive species that directly labels tyrosine residues in IN11 F(ab’), through
electrophilic substitution. Subsequently, several different assays were performed
to verify that the antibody fragment retained both its structural and functional
integrity following the radioiodination reaction. Chromatographic analysis of the

reaction products did not provide any evidence of lower molecular weight 124

labeled peptides suggesting that neither the reaction with 124

I nor exposure to the
oxidizing agent caused degradation of the F(ab’),. Furthermore, radioiodination
did not appear to have a significant affect on 1N11 F(ab’), binding to PS in vitro.
Radioiodinated IN11 F(ab’), efficiently detected PS both immobilized on plastic
and exposed on irradiated cells grown in culture. Although the variable regions
(Fv) in IN11 contain 14 tyrosine residues with 5 in the light chain (Vi) and 9 in
the heavy chain (Vy), none are present within the Complementary Determining

Regions (CDRs). Nonetheless, Glaser et al. demonstrated that, annexin V directly

iodinated using chloramine T reagent showed decreased binding to apoptotic
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leukemia cells compared to annexin V indirectly labeled with Bolton-Hunter
reagent (N—succinimidy1—3[1241]—iod0benzene) [69]. The Bolton-Hunter method
labels proteins through lysine residues instead of tyrosine and future studies will
be aimed at determining if this method is superior to the lodogen method for
labeling 1N11 F(ab’),. Antibodies iodinated by the Bolton-Hunter method have
been reported to have higher in vivo stability and be less subject to dehalogenation
than those directly iodinated through tyrosine.[153, 195, 197] This is less of a
concern for IN11 F(ab’), bound to exposed PS on tumor endothelial cells is not
internalized. Also, we observed no evidence of dehalogenation or degradation of
2.IN11 F(ab’), in the serum of the mice examined in this study.
Biodistribution studies were conducted in tumor-bearing mice in order to
determine the optimal pharmacokinetic parameters for PET imaging. We found
that the optimal biodistribution was achieved by mixing radiolabeled 1N11
F(ab’); in a 1:10 ratio with unlabeled 1N11 F(ab’), with a total of 50 ug F(ab’),
injected into each mouse. Tumor uptake (%ID/g) and the tumor-to-background
ratio were significantly lower in mice injected with 5 pg !2.IN11 F(ab’), alone
(data not shown). The higher total F(ab’), concentration achieved by
supplementing radiolabeled F(ab’), with unlabeled F(ab’), may decrease the

clearance rate of the radiolabeled F(ab’), and therefore allow for higher

concentrations and retention of the probe at the target site.
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Full-length IN11 was enzymatically cleaved to allow for a more rapid
clearance of unbound probe after i.v. injection. The IN11 F(ab’), lacks a
constant region (Fc) and cannot interact with neonatal Fc receptors (FcRn) on
normal vascular EC that rescue IgG from early endosomes and return them to the
bloodstream. [94-96] Wahl et al. were the first to show that radiolabeled anti-
carcinoembryonic antigen (CEA) F(ab’), injected into hamsters cleared the
circulation approximately 70% faster than full length anti-CEA 1gG. [97]
However, activity in the circulation of mice injected with LN F(ab’), at 24
hr (7% 1D/g) and 48 hr (1%ID/g) was significantly higher than in mice injected
with the control '*I-Aurexis F(ab’), at 24 hr (0.4% ID/g) and 48 hr (0.0% ID/g).
The comparatively prolonged serum half-life of '*I-IN11 F(ab’), can be
explained by binding to circulating 2GP1. Although the normal physiological
function of B2GP1 has yet to be defined, it has been shown to be the molecular
target for autoantibodies responsible for antiphospholipid syndrome (APS).[198-
200] P2GP1 is related to complement control proteins and consists of five Sushi
domains. Domains I-IV are regular repeats of approximately 60 amino acids
while domain V has 82 amino acids, including clusters of positively charged and
hydrophobic amino acids that function in binding to PS.[88-89] Domain I
interacts with domain V and B2GP1 normally exists in a closed loop conformation
while circulating in the plasma. APS autoantibodies recognize cryptic epitopes in

domain I and can only recognize f2GP1 when it unfolds to bind anionic surfaces.
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APS antibodies do not recognize circulating B2GP1.[93] 1N11 also binds to
B2GP1 domain I, but unlike APS antibodies, our data show that it recognizes the
closed loop conformation of B2GP1 found in plasma and thus is not of the class of
antibodies that cause APS.

The high binding specificity and high affinity possessed by 1N11 F(ab’),
are ideal properties for a molecular imaging agent. However, the retention of
radiolabeled IN11 F(ab’), in the blood due to its interaction with B2GP1 is less
than ideal for tumor imaging. To achieve maximal tumor-to-background ratios
within a short time period, a molecular imaging agent should rapidly home to its
target and any unbound residue should rapidly clear the circulation. We have
previously shown that prostate tumors growing in rats could be imaged within 72
hr using the full-length PS-targeting IgG, bavituximab [26]. Bavituximab was
labeled with a positron emitting isotope of arsenic (arsenic-74;"*As) because its’
long half-life (T, = 17.8 days) was compatible with the long serum half-life of
the IgG. After 72 hrs, uptake of ™ As-bavituximab was 22-fold higher in the
tumor than in the liver. In the present study, we have found that, despite binding
to serum B2GP1, #ILIN11 F(ab’), allows for more rapid imaging of tumors than
™ As-bavituximab. Subcutaneous and orthotopic PC3 human prostate tumors
growing in mice were clearly imaged by IN11 F(ab’), at 48 hr. Activity in
the blood of mice injected with radiolabeled 1N11 F(ab’), was approximately 19-

fold lower than that measured in rats injected with full-length radiolabeled
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bavituximab IgG (unpublished data). In most normal tissues, residual N1
F(ab’); in the blood did not cause high background signals, but pooling of blood
in the heart and, to a lesser extent, the liver resulted in signals above background.
Although activity from the blood pool did not interfere with the imaging of either
the subcutaneous or orthotopic prostate tumor model, activity in the bladder due

. . 124
urinary excretion of unbound

[-1N11 F(ab’), did interfere with the imaging of
orthotopic tumors. Previous studies have shown that the diuretic furosemide can
be used to prevent BE_-FDG accumulation in the bladder and enhance PET
imaging of abdominopelvic tumors.[201-202] We found that treatment with
furosemide 2 hr prior to imaging also ensured urinary washout of LN
F(ab’), and decreased the signal in the bladder to background levels.

Total tumor uptake of 124

I-1N11 F(ab’), was relatively low compared to
other molecularly targeted tumor imaging probes. PS exposed on tumor EC may
be less abundant than antigens overexpressed on the malignant cells that
constitute the tumor parenchyma. Tumor EC constitute a minor fraction of the
tumor cell population and not all tumor blood vessels are PS-positive. We were
able to detect the small amount of exposed PS in tumors because uptake of '**I-
IN11 F(ab’), in non-target organs was exceedingly low. This is because PS
externalization is highly specific to tumor endothelium, with virtually no PS

found on the surface of normal endothelium. Unbound "**I-1N11 F(ab’), lacks

FcRn recognition is likely metabolized by cells in the kidney and elsewhere with
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rapid clearance of the radioactive metabolites. The favorable pharmacokinetic
properties of '**I combined with improved commercial availability has led to

increased interest in its clinical evaluation.[150] 124

I-labeled antibodies specific
for carbonic-anhydrase-1X ("**I-¢G250) and A33 antigen ("**I-huA33) have been
shown to successfully image tumors in patients with clear-cell renal cancer and
colorectal cancer respectively. [163, 203]

The most important clinical use for '**

I-IN11 F(ab’), to translate the clinic
may not be for early diagnosis of cancer, but rather for assessing tumor response
to therapy. PS externalized on apoptotic and necrotic tumor cells after anti-tumor

therapy should result in increased '**

I-1N11 F(ab’), uptake in responding tumors.
Future studies will be aimed at determining if increased uptake of '**I-1N11
F(ab’), in tumors treated with chemotherapy, radiation therapy, and/or androgen

deprivation therapy can be used to predict the effect of each therapy on tumor

growth.
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CHAPTER 4

INCREASED EXPOSURE OF PHOSPHATIDYLETHANOLAMINE ON
THE SURFACE OF TUMOR VASCULAR ENDOTHELIUM MAY SERVE

AS A TARGET FOR TUMOR IMAGING

Introduction

In normal cells, the aminophospholipids phosphatidylserine (PS) and
phosphatidylethanolamine (PE) are asymmetrically distributed across the plasma
membrane with essentially all the PS and the majority of the PE localized in the
cell’s inner membrane leaflet [100, 189]. This membrane lipid asymmetry is
maintained by a group of P-type ATPases known as aminophospholipid
translocases (APTLs) that catalyze the active transport of PS and PE from the
external to the internal plasma membrane leaflet of the membrane [8]. Unlike
normal cells, apoptotic cells and tumor cells lose their capacity to maintain PS
asymmetry resulting in the appearance of the lipid in the cells’ outer membrane
leaflet. The expression of PS at the cell surface inhibits immune responsiveness
and, in the case of apoptotic cells, also serves as a recognition ligand and binding
site for phagocytes [190-191]. PE has also been shown to be exposed on

apoptotic cells, but it has not been associated with a specific function [99].
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Increases in intracellular [Ca”*] as a result of transcriptional activation or
exposure to environmental stress can also cause loss of membrane asymmetry.
Influx of exogenous Ca>* or Ca®* released from intracellular stores inhibits APTLs
and, at the same time, activates ATP-binding cassette (ABC) transporters and
phospholipid scramblases (PLSRs) that randomize all membrane phospholipids
between leaflets resulting in a complete loss in plasma membrane lipid
asymmetry [9][204]. Environmental stress also activates sphingomyelinases
(SMases) that cleave sphinogomyelin to ceramide [36, 192]. Ceramide
destabilizes the bilayer, activates pro-apoptotic signaling pathways and promotes
membrane blebbing [7, 37]. Thus, cellular stress and activation can promote the
exposure of aminophospholipids on the cell surface through multiple pathways.
Indeed, unlike quiescent normal endothelium, there is significant environmental
stress imposed on the tumor endothelium by acidity, reactive oxygen species
(ROS) and transient hypoxia that results in the redistribution of PS to the cell
surface [31, 205-206]. Because both PS and PE are co-regulated by the same
transporters, the expression of cell surface PS on tumor EC raises the possibility
that PE is also expressed on the surface of tumor blood vessels.

Duramycin (M.W.=2013 Da) is a highly specific PE-binding peptide
produced by the bacteria Streptovercillium cinnamoneus . Duramycin binds PE at
a 1:1 molar ratio with a K4 of 4-6 nM, an unusually high affinity for a small,

ligand-binding peptide [101]. Duramycin is the smallest polypeptide known to
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have a defined 3-dimensional binding pocket and recognizes ethanolamine
phospholipids with exclusive specificity [101] by fitting over the ethanolamine
head group like a glove [207]. The hydrophobic binding pocket is stabilized by
three internal thioether linkages that makes the peptide resistant to heat and
proteolytic degradation [104]. Pharmacokinetic studies in rats have shown that
duramycin is rapidly cleared from the blood stream with a serum half-life of < 4
min [106]. *™Tc-labeled duramycin binds to PE exposed on apoptotic and
necrotic cells and has been used successfully for the in vivo imaging of acute
myocardial infarction [106].

In this report, we used duramycin to show that PE becomes specifically
exposed on the surface of tumor EC and that treatment of cultivated EC with
known tumor-associated stresses causes the formation of PE-positive blebs on the
cell membrane. In vivo studies revealed that labeled duramycin specifically
localized to the vascular endothelium in multiple tumor types. Duramycin was
also effective at imaging subcutaneous tumors. Taken together, these findings
indicate that externalized PE may be a general marker of tumor vasculature and
suggests that duramycin possesses the specificity and pharmacokinetic properties
to make it an effective agent for specifically targeting the tumor vasculature with

imaging agents and/or therapeutic drugs.
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Results

Modification of duramycin to create the PE-binding probe DLB2

Duramycin with two biotin tags, one at the N-terminus and one at the
adjacent lysine, was assayed as a PE-binding probe. This construct was named
duramycin-L-biotin 2 (DLB2) (Fig. 4.1) and was produced by reacting
duramycin with an excess of NHS-L-biotin. Lipid binding was assessed by
ELISA. Figure 1 shows that DLB2 binds PE whereas the control peptide does
not. The negative control used for duramycin has the same amino acid sequence
as duramycin except that the lanthanides (thioether-containing amino acids) were
substituted with alanines (Fig. 4.2). This peptide does not form a 3D binding
pocket and was named “linear duramycin” (IinDUR). LinDUR has 3 amino
groups available for reaction and is referred to as linDLB following biotinylation

and 800CW-DUR following conjugation to NIR dye.
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Figure 4.1. Duramycin-L-biotin 2 (DLB2) binds PE. Duramycin is
biotinylated at both the N-terminus and adjacent lysine when reacted with >2
molar equivalents of NHS-L-biotin. DLB2 binds PE whereas the linear control

peptide (linDLB) does not.
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Figure 4.2. Control peptide sequence. The peptide used as a negative control
for duramycin was named “linear duramycin” (linDUR). which has the same
sequence as duramycin except that the lanthanides (thioether-containing amino
acids) are replaced with alanine and does not form a 3-D binding pocket. This
peptide has three amino groups available for reaction and is referred to as linDLB
following biotinylation and 800CW-1inDUR following conjugation to NIR dye.

Individual duramycin molecules form a complex

Competition ELISAs were performed in order to verify that DLB2 bound
PE in the same manner as unmodified duramycin (DUR). Instead of competing
with DLB2 for PE-binding sites as expected, unmodified duramycin (DUR) was
found to enhance DLB2 binding to PE at molar ratios between 1:1 and 1:4
(DLB2:DUR) (Fig. 4.3A). DLB2 was also found to bind DUR immobilized on
plastic in the absence of PE (Fig 3B). DLB2 did not bind linDUR nor did linDLB
bind DUR. Different concentrations of DLB2 complexed with DUR (1:4) bound
PE with a higher affinity than equivalent concentrations of DLB2 alone (Fig.

4.3C). These data led to the hypothesis that DLLB2 and DUR are interacting to
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form a pentameric PE-binding complex with one DLB2 peptide interacting with
four DUR peptides (Fig. 4.3D). To test this hypothesis, duramycin and DLB2
were each analyzed by fast protein liquid chromatography (FPLC) using a size
exclusion column. Neither peptide demonstrated aggregate formation in solution
under physiological conditions (PBS, pH 7.2) (Fig. 4.4). DUR and DLB2 both
yielded a single elution peak corresponding to monomeric peptide. However,
DUR and DLB2 formed multimeric complexes in the presence of PE-containing
membranes (Fig. 4.5). Interactions between peptides bound to different PE
liposomes crosslinked the liposomes and caused them to from precipitates. DUR
was more effective at precipitating PE liposomes than DLB2. A mixture of DLB2

and DUR showed similar crosslinking of liposomes to that seen with DUR alone.
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Figure 4.3. Individual duramycin molecules form a complex. (A) Competition

ELISA ([DLB2]=0.1 pg/ml) demonstrating DUR/DLB2 mixtures with molar

ratios < 5:1 show enhanced binding to PE. (B) ELISA demonstrating DLLB2 and
DUR bind specifically to one another. (C) ELISA showing mixture of
DLB2/DUR (1:4) binds PE with higher affinity than DLB2 alone. (D) Proposed
model for pentameric PE-binding duramycin complex with one DLB?2 peptide

interacting with four unmodified duramycin peptides.
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Figure 4.4. Duramycin does not form a complex in solution. Duramycin and
DLB were each run on a Superdex 200 10/300 gel filtration column to determine
their respective sizes in solution. Neither peptide demonstrated aggregate
formation under physiological conditions (PBS, pH 7.2) with each having a single
elution peak corresponding to monomeric peptide (DUR MW = 2,013 Da, DLB
MW=2,352 Da).
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Figure 4.5. Formation of duramycin complexes requires interaction with PE-
containing membranes. Interactions between duramycin peptides bound to
different PE liposomes crosslinks the liposomes and causes them to form
precipitates. DUR was more effective at precipitating PE liposomes than DLB2.
A 1:1 mixture of DUR and DLB2 showed similar crosslinking to that seen with
DUR alone.
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Additional duramycin constructs

A duramycin dimer was constructed by conjugating two molecules of
duramycin to one another using the tri-functional cross-linker tris-succinimidyl
aminotriacetate (TSAT). The conjugation reaction left one amino group free for
reaction with NHS-biotin and the resulting construct was referred to as D2TB.
D2TB bound PE more efficiently than DLLB2 (Fig. 4.6), but less efficiently than
DLB2 complexed with DUR (data not shown). Duramycin was also conjugated
to the metal ion chelators 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA) and 1,4,7-triazacyclononane-1,4,7-triacetate (NOTA). DOTA-
duramycin had a single molecule of DOTA per molecule of duramycin and was
labeled with copper-64 (**Cu) or gallium-68 (**Ga). NOTA(2)-duramycin had
two molecules of NOTA per molecule of duramycin and was only labeled with
%Ga. *Cu-labeled duramycin ([**Cu]DOTA-DUR) bound specifically to PE
immobilized on plastic (Fig. 4.7). [**Cu]DOTA-DUR did not bind PC (data not
shown). Addition of unmodified duramycin did not enhance [64Cu]DOTA—DUR
binding to PE. [68Ga]DOTA—duramycin bound PE more efficiently than
[68Ga]NOTA(2)—DUR. Addition of unmodified duramycin did not enhance
binding of [68Ga]DOTA—duramycin, but did enhance binding of [®*Ga]NOTA(2)-
DUR. These data suggest that duramycin constructs with a single modification
bind PE more efficiently than duramycin constructs with modifications at both the

N-terminus and the adjacent lysine.
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Figure 4.6. Duramycin dimer (DT2B) binds PE better than DLB2. Structure
of duramycin dimer with two molecules of duramycin conjugated to one another
by a T-shaped linker leaving one amino group free for biotin conjugation (D2TB)
and ELISA demonstrating D2TB binds PE better than DLB2.
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Figure 4.7. Duramycin labeled with PET isotopes. (A) Structure of copper-64-
labeled duramycin ([64Cu]DOTA-DUR) and binding assay demonstrating
[64Cu]DOTA-DUR binds PE specifically. [64Cu]DOTA-DUR is not enhanced
by the presence of unmodified duramycin. (B) Structure of gallium-68-labeled
duramycin ([68Ga]NOTA-DUR) and binding assay demonstrating that duramycin
with a single modification binds more efficiently than duramycin modifications at
both the N-terminus and adjacent lysine (e.g. [68Ga]NOTA(2)-DUR). However,
addition of unmodified duramycin enhances binding of [68Ga]NOTA(2)-DUR.
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Modification of duramycin to create the PE-binding probes DLB and 800CW-
DUR

Duramycin labeled with a single biotin tag (DLB) was produced by
reacting duramycin with the NHS ester of L-biotin (Fig. 4.8A) in a 1:1 molar
ratio. Preliminary in vitro binding data indicated that DLB binding to PE was
strengthened by the addition of an equal weight of unmodified duramycin (DUR)
and that DLB/DUR functioned as a superior PE-binding probe compared to
DLB2/DUR (data not shown). Therefore, the remaining experiments described in
this thesis were conducted with a 1:1 mixture of DLB and DUR referred to as
DLB to simplify nomenclature. The lipid binding specificity of DLB was
assessed by ELISA. Figure 4.8A shows that DLB binding was specific for PE
with maximum binding occurring at ~0.5 pg/ml (0.2 uM). Although some
binding to PC was observed at the higher concentrations, binding to PS, PI, PA
and SM was undetectable. 800CW-DUR for non-invasive in vivo imaging, was
produced by reacting duramycin with the NHS ester of IRDye 800CW (Fig.
4.8B). Similar to DLB, the IR probe (800CW-DUR) demonstrated specificity for
PE up to ~5 pg/ml (Fig. 4.8B). Maximal binding occurred at ~5 pg/ml (1.7 uM).
Thus, modification of duramycin by conjugation to L-biotin did not change its
affinity or specificity of binding to PE. DLB lysed 50% of murine red cells at 80
UM as compared with 20 uM for duramycin itself, showing that biotinylation

reduced the hemolytic activity of duramycin cells by 4-fold (Fig. 4.9).
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Figure 4.8. Lipid specificity of the PE binding probes DLLB and 800CW-
DUR. (A) Structure of duramycin-L-biotin (DLB) and ELISA showing DLLB
binds specifically to PE. (B) Structure of duramycin conjugated to the near-
infrared fluorophore IRDye 800CW (800CW-DUR) and ELISA showing 800CW-
DUR also retains binding specificity for PE. The structures show conjugation
through the preferred lysine although conjugation can also occur at the N-
terminus.
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Figure 4.9. DLB and 800CW-DUR are less hemolytic than unmodified
duramycin. Chemical modification of duramycin reduced the hemolytic activity
by approximately 4-fold. DLB and 800CW-DUR lysed 50% of murine red cells
at ~80 uM whereas ~20 uM unmodified duramycin caused 50% hemolysis.
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DLB binds to PE on the surface of irradiated EC

We have previously shown that binding of fluorescent liposomes coated
with duramycin or bavituximab to ABAE cells is enhanced by x-irradiation [100].
Here, we used biotinylated duramycin (DLB) with FACS analysis and
immunofluorescence staining to detect PE on the surface of non-irradiated and
irradiated ABAE cells. Figure 4.10A shows that DLLB bound to 37% of control
ABAE cells. Irradiation increased DLB binding to 93% of the cells and increased
their median fluorescence intensity by 4-5-fold. Consistent with previous data
showing that irradiation induces PS externalization, immunofluorescence analysis
of the cells 24h after 5Gy irradiation showed that both DLB (PE) and bavituximab

(PS) bound to membrane blebs (Fig. 4.10B).
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Figure 4.10. DLB Binds PE exposed on cultured EC. DLB was used to detect
PE on the surface of irradiated ABAE cells. A) FACS analysis of DLB-labeled
ABAE cells that were untreated (upper panels) or had been irradiated with 5 Gy
24 h earlier (lower panels). B) Cells were incubated with DLB or bavituximab
and binding was detected with streptavidin-Alexa Fluor 488 and Cy2-goat anti-
human IgG, respectively. LinDLB was used as a negative control for DLB. The
cells were counterstained with Texas red-phalloidin.
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Induction of PE exposure on cultured EC by ROS, hypoxia, and low pH
Flow cytometry was used to assess PE levels on EC after treatment with

different inducers of oxidative stress present in the tumor microenvironment.
Treatment of cultured EC with irradiation, H,O,, low pH and hypoxia increased
the percentage of cells expressing PE from ~35% to 70-90% (Fig. 4.11).
Treatment with vascular endothelial growth factor (VEGF) did not influence the
externalization of PE. Similar trends were seen when bavituximab was used to
stain externalized PS. Bavituximab did not stain resting EC, but stained 10-25%

of the cells after they had been treated with irradiation, H,O,, low pH or hypoxia.
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Figure 4.11. Multiple stresses associated with the tumor microenvironment
induce increased PE exposure on cultured EC. Flow cytometry was used to
assay PE levels on ABAE cells following: 1) treatment with 10 uM H,0, to
simulate ROS; 2) incubation in media at pH 5.8 for 24 h; 3) incubation under
hypoxic conditions (1% O,, 94% N,, 5% CO,) followed by reoxygenation for 4 h
(5% CO, in air); and 4) treatment with 20 ng/ml VEGF. 5 Gy irradiation was used
as a positive control. Bavituximab was used to detect PS externalization. Rituxan
gave no staining (not shown). LinDLB was used as a negative control DLB.
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Some cancer cells and tumor-associated macrophages are constitutively PE-
positive

We have previously identified several transformed cell lines that have
constitutive exposure of PS on their surface. Since PS and PE share common
transporters, we reasoned that these same lines would also have exposed PE.
Flow cytometry with DLB was used to assay PE levels on these cell lines. A20
murine B-cell lymphoma, P388 murine monocytic leukemia, and J774 murine
macrophages, all express relatively high levels of PS on their surface with
approximately 30-80% staining positive for bavituximab (Fig. 4.12B). However,
corresponding levels of exposed PE were only observed on the A20 cells (Fig.
4.12A). Approximately 57% of A20 cells stained positively for PE and 43%
stained positively for PS. J774 and P388 cells had significantly less PE on their
surface with approximately 25% and 10% staining positively for DLB
respectively. L540 human Hodgkin’s lymphoma and U937 human monocytic
leukemia did not stain positively for PS, but approximately 15-25% of these cells
did stain positively for PE. Further work is required to uncover the reason for PS
and PE not showing parallel exposure patterns in these cell types.

Irradiation increased PE exposure on all of the cell lines except for A20
cells (Fig. 4.13B). The fraction of viable PE-positive (DLB*PI’) J774 cells
increased from 12% to 66% 24 h after treatment with 5 Gy (Fig. 13A). Similarly,

the percentage of PE-positive P388, L540, and U937 cells increased from 10-25%
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to 25-50% (Fig. 4.12B). The lack of an increase in viable PE-positive A20 cells
was due to a dramatic increase in apoptotic cells (DLB*PI") following 5 Gy

irradiation (data not shown).
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Figure 4.12. Some cancer cells and tumor-associated macrophages are
constitutively PE-positive. (A) FACS plots showing A20 mouse B lymphoma
cells have both PE and PS exposed on their surface under normal physiological
conditions. Approximately 57% were positive for PE as indicated by duramycin
staining and 43% were positive for PS as indicated by bavituximab staining.
Apoptotic cells were identified by PI staining (Y-axis). LinDLB and rituxan were
used as negative controls for DLB and bavituximab respectively. (B) Summary of
FACS analysis of multiple transformed cell lines. All cell lines examined stained
positive for PE. Although macrophage cell lines J774 and P388 were found to
high levels of PS there was not a tight correlation with PE exposure.
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Figure 4.13. Radiation treatment increases PE exposure on cancer cells and
tumor-associated macrophages. A) FACS plots showing 5 Gy irradiation
increases exposure of PE on the surface of viable J774 cells. Apoptotic cells were
identified by double staining with DLB and PI (upper right hand quadrant). B)
Summary of FACS analysis demonstrating that DLB detected increased PE
expression in all irradiated cancer cell lines except A20. A20 cells are extremely
sensitive to radiation and the apparent decrease in PE-positive cells is due to an
increase in apoptotic cells.



111

DLB localizes to tumor blood vessels

Intravenously injected DLB localized to tumor vessels in all tumors
examined (Table 2, Fig. 4.14). PE-positive vessels were identified from
colocalization of DLB with CD31 stained structures having a vascular
morphology. Among the implanted solid tumor models, the endothelium in
syngeneic RM-1 and RM-9 prostate carcinomas displayed the highest levels of
exposed PE with ~50% of the vessels staining positive. Orthotopically implanted
human (MDA-MB-231) and mouse (4T1) breast carcinomas displayed ~29% and
~13% PE-positive blood vessels, respectively. Spontaneously developing breast
tumors in MMTV-PyMT transgenic mice contained 44% PE-positive vessels
(Fig. 4.15).

The fraction of PE-positive blood vessels in each tumor model correlated
with the fraction of PS-positive blood vessels detected with bavituximab (Table
2, Fig. 4.14). Co-injection of DLB and bavituximab into mice bearing
subcutaneous RM-9 tumors revealed that the same tumor blood vessels were
positive for both PE and PS (Fig. 4.16). The pattern of DLB staining generally
resembled that of bavituximab, with both demonstrating relatively homogeneous
co-staining with CD31. However, some DLB-positive vessels also exhibited
punctate staining (as in Fig. 4.16) that may indicate regions of endothelium
having membrane blebs similar to those seen on cells in tissue culture. DLB

bound specifically to PE exposed on the tumor endothelium and did not appear to
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extravasate from the blood vessels and bind tumor cells, or become trapped within
the interstitium. Intravenously-injected linDLB did not localize to tumor blood
vessels.

The binding of DLB to vasculature was largely restricted to tumor blood
vessels. DLB did not localize to the endothelium in the heart, lung, liver, spleen,
stomach, intestine, muscle, fat, brain, or testis (Table 2, Fig. 4.17). In the kidney,
DLB did not stain endothelium in the glomeruli or larger vessels but did stain
endothelium in intertubular vessels between the distal tubules. DLB also showed
diffuse staining of the distal kidney tubules themselves, and, to a lesser extent, of
proximal tubules. DLB uptake by the kidneys was not unexpected since the
urinary system is the main route by which duramycin is eliminated from the body
[208-209]. DLB also stained a population of CD31-negative cells in the liver,

which appeared from their morphology to be Kupffer cells.
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Figure 4.14. Exposure of PE on vascular endothelial cells in tumors. 100 ug
DLB was injected i.v. into mice bearing subcutaneous RM-9 prostate tumors.
After 1 hr, mice were perfused and tumors and major organs were harvested. THC
staining of frozen sections revealed that DLB (green) co-localized with the pan-
endothelial marker CD31 (red) in tumors. PE exposure was observed in multiple
tumor types (Table 1). Bavituximab produced a similar staining pattern to DLB.
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Figure 4.15. DLB localizes to vasculature in spontaneously developing PyMT
breast tumors. 100 pg DLB was injected i.v. into female PyMT mice bearing
palpable breast tumors (~ 0.3 cm in diameter). After 1 hr, mice were perfused and
tumors and major organs were harvested. ITHC staining of frozen sections
revealed that DLB (green) co-localized with the pan-endothelial marker CD31
(red) in tumors.
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Figure 4.16. DLB and bavituximab co-localize to the same tumor vessels
following intravenous injection. 150 pug bavituximab and 100 ug DLB were
injected i.v. into mice bearing subcutaneous RM-9 prostate tumors. After 1 hr,
mice were perfused and tumors and major organs were harvested. IHC staining of
frozen sections revealed co-localization of DLB (red) and bavituximab (green) on
tumor blood vessels identified by CD31 staining (blue). Blebs that appear yellow
or white are costained. Most of the blebs that appear red in this merged image
were also bavituximab positive, but the red color dominated the green color.
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Figure 4.17. DLB localizes to tubules and intertubular vessels in the Kidney,
but does not localize to endothelium in other normal tissues. 100 pg DLB was
injected i.v. into mice bearing subcutaneous RM-9 prostate tumors. After 1 h,
mice were perfused and tumors and major organs were harvested. Frozen
sections were analyzed by IHC. DLB was detected by Alexa Fluor 488-
streptavidin (green), CD31 was detected by rat anti-mouse CD31/goat anti-rat
IgG-Cy3 (red), and cell nuclei were detected by DAPI (blue). DLB bound to the
proximal (p) and distal (d) collecting tubules of the kidney. DLB also bound to
the intertubular blood vessels (arrow) between distal tubules. It did not stain
endothelium in larger blood vessels (v) or in the glomeruli (g). DLB did not bind
to endothelium in the heart, lung, liver or spleen. DLB stained CD31-negative
cells in the liver that appear to be Kupffer cells (arrows).
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Tissue DLB bavituximab linDLB

RM-1 47:9 58+ 12 0
MDA-MB-231 20+5 31+8 0
A549 21+7 2346 0
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Table 2. Percentage of PE-positive blood vessels in various tissues.
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PE may be exposed on endothelium during physiological angiogenesis

DLB localized to ovarian blood vessels in ovulating female BALB/C mice
(Fig. 4.18). Most EC in the ovaries were found to have relatively high levels of
PE on their surface with DLB exhibiting the same punctate staining pattern
observed on tumor EC. However, unlike tumor EC, EC in stimulated ovaries did

not stain positively for bavituximab. This suggests that PE may be an

angiogenesis marker whereas PS is not.

bavituximab

Figure 4.18. PE may be exposed on endothelium during physiological
angiogenesis. [HC staining of ovary sections showing DLB (green) co-localized
with CD31 (red) following i.v. injection in ovulating female mice. Bavituximab
did not localize to angiogenic endothelium in the ovaries.
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Radiation treatment increases PE exposure on tumor endothelium

Treatment with 15 Gy significantly increased the fraction of PE-positive
vessels in 4T1 tumors within 24 h (Fig. 4.19). Whereas only ~13% of the blood
vessels in untreated 4T1 tumors stained positively for DLB, >50% stained
positively in irradiated tumors. This increase PE exposure on tumor endothelium
in response to irradiation correlated with an increase in PS exposure as detected

by bavituximab localization (Fig. 4.19).

DLB bavituximab linDLB

Figure 4.19. Radiation treatment increases PE exposure on tumor
endothelium. THC staining showing an increased number of PE-positive (DLB,
green) blood vessels (CD31, red) in orthotopic 4T1 murine mammary tumors
treated with 15 Gy focal irradiation 24 h prior to injection of DLB. Increased PE
exposure on irradiated tumor endothelium correlated with increased PS exposure
detected by bavituximab localization.
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DLB binding is high in hypoxic areas of tumors

Abnormal angiogenesis in tumors often results in malformed blood vessels
that fail to provide adequate blood flow throughout the tumor. Therefore, specific
areas within a tumor are subject acute ischemic hypoxia that is often transient
[210-211]. Since hypoxia induced PE exposure in in vitro cultivated EC (Fig.
4.11), we determined whether tumors growing in mice also expressed PE in
hypoxic regions. Mice bearing similar-sized (1 cm diameter) RM-9 or 4T'1
tumors were injected with DLB to detect PE and pimonidazole to assess hypoxia.
The mice were killed 1 h after injection, perfused with saline and frozen sections
of tumors were examined by immunohistochemistry. The results presented in
Figure 4.20 show a correlation between the distribution of PE-positive (red) EC
and hypoxic regions (green) of the tumor. RM-9 tumors, in which PE-positive
vessels were abundant, had large areas of hypoxia throughout the tumor, whereas
4T1 tumors, in which PE-positive vessels were sparse, had smaller, more
localized, areas of hypoxia and much less hypoxia overall (Fig. 4.21). Hypoxic
regions were most pronounced around necrotic regions and in central areas of the
tumor. Consistent with previous localization experiments, DLB stained >50% of
the blood vessels in the RM-9 tumors. Most of the DLB positive vessels were
located in and around the hypoxic regions (top right panel Fig. 4.20). The control

peptide linDLB did not bind tumor EC (not shown).
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Figure 4.20. PE exposure on tumor vessels is predominately in hypoxic

areas. Mice bearing subcutaneous RM-9 prostate tumors were injected with DLB

to detect PE and pimonidazole HCl to detect hypoxia. IHC staining of frozen
sections demonstrated that PE exposure on tumor vessels occurred predominantly
in hypoxic areas of the tumor. DLB, red; CD31, blue; hypoxia, green.
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Figure 4.21. RM-9 prostate tumors are more hypoxic than 4T1 breast
tumors. Pimonidazole HC] was injected into mice bearing either subcutaneous
RM-9 tumors or orthotopic 4T1 tumors to detect hypoxia. ITHC staining of frozen
sections revealed that RM-9 tumors were markedly hypoxic throughout, whereas
4T1 tumors had smaller, more discrete, areas of hypoxia. Hypoxia, green; CD31,
red. The greater hypoxic fraction in RM-9 tumors may explain the greater
percentage of PE-positive vessels in these tumors compared to 4T1 tumors.
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Duramycin radiolabeled for PET imaging demonstrates high uptake in liver and
kidneys

Duramycin labeled with gallium-68 ([**Ga]DOTA-DUR) was injected
intravenously into female athymic nu/nu mice bearing subcutaneous A549 human
lung carcinomas in their right hand flank. [*®*Ga]DOTA-DUR showed some tumor
uptake in PET images obtained at 30 min and 120 min post-injection (Fig. 4.22).
However, the signal intensity from the liver was significantly higher than the
tumor. Duramycin was also labeled with copper-64 ([64Cu]DOTA—duramycin)
and injected into mice bearing A549 tumors. Tumors and normal tissues were
harvested after 2 hr, wet-weighed, and measured for activity. [64Cu]DOTA—
duramycin did demonstrate any tumor uptake and only showed high accumulation
in the liver and kidneys (Fig. 4.23). Addition of unmodified duramycin did not

improve tumor uptake as expected, but instead increased uptake in the liver.
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120 min

Figure 4.22. [68Ga]-DOTA-DUR labels tumors, but exhibits high liver
uptake. Duramycin labeled with gallium-68 ([68Ga]-DOTA-DUR) was used for
PET imaging of A549 xenografts growing in the right hind flank of mice (arrow).
Tumor uptake of [68Ga]-DOTA-DUR was low compared to liver uptake.
Transverse, coronal, and sagittal images are shown from left to right.
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Figure 4.23. Biodistribution data for radiolabeled duramycin. Duramycin
labeled with Copper-64 ([64Cu]-DOTA-DUR) was injected into mice bearing
subcutaneous A549 tumors. Biodistribution analysis revealed that [64Cu]-
DOTA-DUR homed to the liver and kidneys. Addition of unmodified duramycin
increased uptake by the liver.
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In vivo tumor imaging with SO0OCW-DUR

To determine the ability of duramycin to target tumor vasculature in vivo,
mice bearing subcutaneously-implanted RM-9 tumors were injected with 800CW -
duramycin (800CW-DUR). The distribution of the probe was detected with the
Xenogen IVIS imaging system 24 h later. Images are shown in Figure 4.24.
Remarkable delineation of the implanted tumors was achieved in 3 of 3 mice. No
other normal tissues showed detectable accumulation of label, with the exception
of the kidneys which were strongly labeled.

Subcutaneous RM-9 tumors growing in mice were also imaged with a LI-
COR Pearl imager that is optimized for S00CW (Fig. 4.25). Image analysis
performed with this imaging system revealed that the tumor-to-background ratio
for 800CW-DUR is not higher than that achieved with the control probe 800CW-
linDUR. Nonetheless, overall signal intensity was significantly higher in tumors
labeled with 800CW-DUR. Immunohistochemical analysis of the tumors
demonstrated that 800CW-DUR colocalized with CD31 much like DLB (Fig.

4.26).
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800CW-DUR 800CW-linDUR

Figure 4.24. In vivo imaging of RM-9 tumors with 800CW-DUR. A) Male
athymic nu/nu mice bearing subcutaneous RM-9 tumors in their right hind flank
were injected with 50 ug 800CW-DUR. 800CW conjugated to linear duramycin
was used as a negative control (§00CW-linDUR). The mice were imaged after
24hr with a Xenogen IVIS Lumina imaging system. Fluorescence intensity is
displayed as photons/s/cm2/sr. B) Ex vivo imaging of tumors and organs: 1)
tumor, 2) heart, 3) lungs, 4) liver, 5) kidneys and 6) spleen.



128

800CW-DUR

800CW-linDUR

Figure 4.25. 800CW-DUR gives relatively high background signal
throughout the body. Mice bearing subcutaneous RM-9 tumors were injected
with 800CW-DUR and imaged with a LI-COR Pearl imager. The heat maps
(right-hand panels) show that the tumor-to-background ratio is not higher for
800CW-DUR than the control. Nonetheless, overall signal intensity is
significantly higher in tumors labeled with S00CW-DUR.
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800CW-DUR

800CW-inDUR

Figure 4.26. 800CW-DUR Localizes to Tumor Endothelium. IHC analysis of
RM-9 tumors from mice injected with 800CW-DUR revealed that S00CW-DUR
colocalized with CD31 much like DLB.
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PE is externalized in prostate tumors treated with ADT

PS has received much interest as a marker for tumor response to
therapy.[50, 73, 196] and the correlation in the membrane distribution of PS and
PE in vivo suggests that exposure of PE may be an indicator of tumor response.
Indeed, 800CW-DUR showed high uptake in spontaneously developing prostate
tumors growing in 4 month old TRAMP mice treated with androgen deprivation
therapy (ADT) compared to untreated tumors (Fig. 4.27). The control probe did

not show any uptake in treated or untreated tumors.
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Figure 4.27. 800CW-DUR can be used to detect PE exposed in tumors in
response to ADT. (A) Spontaneously developing prostate tumors growing in 4
month old TRAMP mice were treated with androgen deprivation therapy (ADT)
(via castration) exhibited high uptake of 800CW-DUR compared to untreated
tumors. B) Castrated TRAMP mouse imaged with a LiCOR Pearl imager. A
mouse that does not have an orthotopic prostate tumor was injected with 800CW -
DUR and used as a negative control.
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Discussion

The major finding of this study is that PE becomes exposed on the luminal
surface of the vascular endothelium of tumors. PE exposure is most prominent in
and around regions of hypoxia and is probably induced by oxidative stresses in
the tumor microenvironment.

The PE-binding peptide duramycin tagged with a single molecule of L-
biotin was used to assess the presence of PE on the cell surface. Biotinylation
appears to have reduced the ability of duramycin to disrupt cell membranes, since
the hemolytic activity of DLB was 4-fold lower than that of duramycin itself. This
is likely attributable to the increased hydrophilic character imparted by the water-
soluble biotin moiety. This change may explain why DLB stained cell surface
structures but not intracellular membranes at the concentrations tested. In
addition, duramycin with a single modification (DLB) appeared to be more
efficient at forming multimeric PE-binding complexes that duramycin modified at
both the N-terminus and adjacent lysine (DLB2). Navarro et al. were the first to
show that duramycin induced aggregation of PE containing liposomes using free-
fracture election microscopy [105]. Their results were later confirmed by Choung
et al. who proposed that membrane ion channels formed by duramycin were
formed by clustering of PE molecules [212]. However, neither group directly
proposed the idea of a multimeric duramycin complex. The data from

competition experiments in this study suggested that such a complex may take the



133

form of a pentamer and therefore should be approximately 10 kDa in size.
However, this complex does not form in solution in the absence of PE and
therefore its size could not be confirmed by gel filtration experiments.

DLB staining indicated a 4-5 fold increase in exposure of PE on irradiated
EC. DLB strongly stained membrane blebs that formed on the surface after
irradiation. The pattern of DLB staining in irradiated ABAE closely resembled
that of bavituximab suggesting that both PE and PS preferentially localize to
membrane patches and blebs [100]. Unlike PS, basal levels of PE are exposed on
normal (untreated) ABAE cells, either naturally or because ABAE cells do not
readily enter a fully resting state in culture. These observations are consistent with
data indicating that essentially all the membrane PS and ~80% of the membrane
PE are restricted to the cells plasma membrane inner membrane leaflet [4].
Increased PE exposure has also been shown at the cell surface along the cleavage
furrow in Chinese hamster ovary (CHO) cells during cytokinesis and in a subset
of EC in the rat aorta [213-214]. Although PS and PE are both externalized
during apoptosis and in response to stress, PS is more highly restricted to the
inner membrane leaflet in healthy cells.

FACS analysis revealed that stress conditions associated with the tumor
microenvironment induced significant PE exposure when applied to EC cultivated
in vitro. Tumors are known to contain high levels of ROS due to a number of

disregulated metabolic processes. These include growth factor-mediated
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activation of mitochondria, inflammatory responses from tumor-infiltrating
leukocytes and activation/overexpression of enzymes such as NADPH-oxidase
[32-33, 215]. Transient hypoxia in tumors can lead to ROS generation by this last
mechanism (i.e. activation of NADPH-oxidase) [31]. In addition to high ROS
levels, the tumor microenvironment is also often characterized by low pH relative
to normal tissues. Tumor cells can undergo high rates of glycolysis irrespective
of oxygen tension (the Warburg effect) and generate lactic acid as a byproduct
[29]. We found that the fraction of ABAE that expressed PE at the cell surface
after treatment with ROS (H,0,), hypoxia or acidic media significantly increased
(Fig. 3). These stresses also induced PS exposure. These observations suggest
that ROS, hypoxia and acidic pH, possibly in concert with other factors (e.g.,
inflammatory cytokines and thrombin), promote the exposure of PE and PS in
tumors. Although some cancer cells and tumor associated macrophages were
found to exhibit constitutive PE and PS exposure, there was not a tight correlation
between the two aminophospholipids across all cell lines. U937 and 1.540
lymphomas do not normally have any exposed PS on their surface, but were
found to have a basal level of exposed PE (15-20%). Conversely, while >80% of
J774 tumor-associated macrophages were found to be PS-positive the fraction of
PE-positive cells was only ~25%. However, PE and PS levels were much more
tightly correlated following treatment with 5 Gy. This suggests that potential PS

and PE targeting drugs may function similarly when used in combination with
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radiation therapy and that PS and PE targeting imaging agents may function
similarly in assessing tumor response to therapy.

Without exception, increased PE exposure was found on the tumor
endothelium in all the tumors examined. These models included syngeneic,
human xenografts, subcutaneous, orthotopic and transgenic tumors. This suggests
that, much like PS, PE functions as a broad tumor marker common to many
malignancies. The percentage of PE-positive vessels varied between models, but
corresponded to the fraction of PS-positive vessels (determined by bavituximab
binding) for each type of tumor. This correlation was maintained in irradiated
tumors, with a more that 2-fold increase in the percentage of PE-positive and PS-
positive blood vessels. Moreover, the exposure of PE and PS occurred on the
same tumor vessels suggesting that the same mechanism is responsible for the
redistribution of both PE and PS. Tumor-bearing mice were co-injected with
DLB and pimonidazole HCI to assess hypoxia in areas immediately surrounding
PE-positive blood vessels. A general correlation between DLB binding and
pimonidazole staining showed that PE-positive vessels were concentrated in
hypoxic portions of the tumor. RM-9 tumors, which have abundant PE-positive
vessels, were markedly hypoxic whereas 4T1 tumors, which have relatively few
PE-positive vessels, were largely not hypoxic. These results further indicate that
hypoxia, and other stresses in hypoxic tumor regions, drive PE exposure on tumor

vasculature.
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Despite evidence from in vitro experiments that normal EC contain basal
levels of PE on their surface, DLB did not localize to endothelium in heart, lung,
liver, spleen, stomach, intestine, muscle, fat, brain or testis. This difference might
be because EC grown in vitro are activated due to sustained low levels of chronic
stress that promote higher levels of exposed PE, whereas EC in most normal
tissues in vivo attain true quiescence. Although there is no evidence to suggest PS
is a marker of physiological angiogenesis, PE exposure was observed on EC in
the ovaries of non-tumor bearing mice undergoing follicular angiogenesis. The
transport enzymes that maintain membrane lipid asymmetry have a higher affinity
for PS and its rate of PS transport is approximately 10-fold higher than its rate of
PE transport [4, 216]. This could explain why stress has a more profound effect
on the redistribution of PE.

The selective exposure of PE on tumor vascular endothelium suggested
that it might serve as a marker for imaging tumors vasculature. Being luminally
exposed and in direct contact with the blood, we reasoned that duramycin labeled
with radioisotopes would localize rapidly and specifically to tumor endothelium.
To test this hypothesis, we labeled duramycin with two different isotopes used for
PET imaging %%Cu and *Ga. Although duramycin labeled with either isotope
demonstrated specific binding to PE, it demonstrated low tumor uptake and high
liver uptake when injected into tumor bearing mice. High uptake of

[**Cu]DOTA-DUR and [®®Ga]DOTA-DUR in the liver was similar to that
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observed with * H-duramycin [107], but inconsistent with the biodistribution

reported by Zhao and Bugenhagen for **™

Tc-duramycin [106]. One major
difference between our constructs and the one used by Zhao and Bugenhagen is
that the succinimidyl 6-hydrazinonicotinate acetone hydrazone (HYNIC) and

tricine-phosphine coligand system used to chelate *™

Tc is highly negatively
charged. This difference in charge may allow duramycin, which normally has a
pKa of ~9.5, to avoid uptake by cationic transporters in the liver.

In an effort to generate an in vivo imaging probe with an overall negative
charge similar to *™Tc-duramycin, we labeled duramycin with the near-infrared
dye 800CW, which is derivatized with four phosphate groups to enhance its water
solubility. 800CW-duramycin was injected it into mice bearing RM-9 prostate
tumors. The biodistribution of injected 800CW-DUR confirmed that the levels of
exposed PE are indeed high in tumors. 800CW-DUR binding to RM-9 tumors
allowed them to be clearly distinguished above background fluorescence.
800CW-DUR also demonstrated high uptake in spontaneously developing
TRAMP prostate tumors treated with ADT. The TRAMP model closely mimics
human prostate cancer. These data suggest that PE-specific probes may be
particularly useful for imaging and assessing tumor response to therapy.
However, both §00CW-DUR and DLB showed high uptake in the kidneys, as

h 99my

observed wit Tc-duramycin [106]. Immunohistochemical analysis revealed

that DLB localized strongly to the distal kidney tubules and less strongly to the
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proximal kidney tubules. DLB also stained intertubular blood vessels between
distal tubules, although it did not bind endothelium in larger renal vessels or the
glomeruli. Other studies have shown that duramycin forms ion channels in
artificial membranes and can disrupt mitochondrial membranes at concentrations
greater than 5 uM [110, 217]. Cinnamycin has also been shown to be toxic and
promote its own binding by inducing flipping of membrane lipids [218]. It is
possible that, as the kidneys filter DLB or 800CW-DUR from the blood, local
concentrations of the drug in the collecting ducts and the associated vasculature
increase to the extent that it disrupts membranes and exposes PE. DLB mixed
with unmodified duramycin demonstrated the highest binding affinity among the
different constructs tested but, the duramycin dimer D2TB demonstrated higher
affinity than DLB alone. Further studies are required to determine if D2TB
localizes to tumors and at the same time demonstrates less kidney uptake than
unmodified duramycin.

In conclusion, the data presented in this report demonstrate that PE
becomes exposed on the luminal surface of tumor vascular endothelium. PE
appears to be a broad marker found in a number of mouse models of solid
malignancies including spontaneously developing tumors. We demonstrate that
PE on tumor vasculature can be imaged with PE-targeting probes. These probes
are small in size compared with PS-targeting antibodies and annexins, and clear

rapidly from the bloodstream making them particularly suitable for imaging
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purposes. In addition, PE is more abundant than PS, giving the potential for
stronger signals. Indeed, duramycin labeled with P9mTe is being developed for
imaging exposed PE in cardiac ischemia [106]. The results reported herein

suggest that PE also has potential as a marker for imaging human malignancies.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

Previous work done in Dr. Thorpe’s laboratory had established PS as a
highly specific marker of tumor endothelium that can be targeted by therapeutic
monoclonal antibodies.[12] Jennewein et al. had also shown that one of these
antibodies, bavituximab, could be labeled with the " As and used for PET imaging
of tumors growing in rats.[26] Imaging tumors with "*As-bavituximab served as
proof-of-principle and my project was aimed at developing PS imaging agents
with more favorable pharmacokinetics, lower immunogenicity and, ultimately,
increased potential for translation to the clinic.

At approximately the same time my thesis work was initiated, Peregrine
Pharmaceuticals, Inc. developed a fully human PS-targeting antibody named
IN11. IN11 was found to equally effective as bavituximab in its ability to home
to PS exposed on the surface of tumor endothelium following injection into
tumor-bearing mice (Yin, unpublished data). This led to the hypothesis that 1N11
could also be used for non-invasive imaging of tumors. I first tested this
hypothesis in collaboration with Dr. Dawen Zhao from the department of
Radiology here at UT Southwestern (UTSW). Dr. Zhao had extensive experience
with optical imaging and it is a modality well suited for studying drug

pharmacokinetics in small animals. We were able to demonstrate that 1IN11
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F(ab’), conjugated to the near-infrared fluophore 800CW (800CW-1N11 F(ab’),)
could be used to image U87 gliomas growing in mice within 24 hr of injection of
the probe. The incubation time was significantly shorter than the 72 hr required
for optimum tumor-to-background ratios for ™ As-bavituximab. Moreover, we
were able to image increased PS exposure in tumors following radiation
treatment. To my knowledge, this was the first demonstration that a PS-targeting
antibody (fragment) could be used to image therapy-induced changes in tumor
physiology in vivo. Due to the design and scope of this study, however, we did
not correlate 800CW-1N11 F(ab’), uptake and the effect of radiation treatment on
tumor growth. Also, the low depth-of-penetration associated with NIR imaging
limits the potential clinical applications for S00CW-1N11 F(ab’),.

In an effort to generate a probe more useful for imaging tumors in human
patients, I next tested the hypothesis that radiolabeled IN11 F(ab’), could be used
for PET imaging. Preliminary PET imaging studies with **Cu labeled
bavituximab F(ab’), demonstrated high activity in both the liver and kidneys
(unpublished data). The poor biodistribution of $4Cu-bavituximab F(ab’), was
attributed to transchelation of **Cu released from the DOTA ligand required for
radiolabeling to copper-binding proteins such as Cu**/Zn** super oxide dismutase
(SOD1).[219] Therefore, I chose to directly label IN11 F(ab’), with '**I instead
of %*Cu or 68Ga, which also requires the use of a chelator (either DOTA or

NOTA). '"*I-1N11 F(ab’), clearly imaged PC3 prostate tumors growing in mice
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by 48 hr with low activity in the liver and kidneys. The biodistribution of 124

IN11 F(ab’), was in good agreement with that observed for S00CW-1N11
F(ab’),. Unlike 800CW-IN11 F(ab’)2, "**I-IN11 F(ab), did not allow clear
imaging of tumors within 24 hr. This discrepancy may be explained by the
divergent physics of optical and PET signal detection. In optical imaging, a laser
is used to excite a fluophore which emits a photon in the exact location of the
imaging agent. The photon, however, is subject to absorption as it passes through
tissue. In PET imaging, the location of the imaging agent is less precisely
represented because the emitted positrons travel a short distance before they
annihilate with electrons and generate the gamma rays detected by the imager.
Also, the gamma rays are not absorbed as they pass through tissue.[220] At 24 hr
post-injection., the background signal may be higher for '21.IN11 F(ab’), than
800CW-1N11 F(ab’), while the tumor signal is lower (i.e. less concentrated)
despite what are likely to be similar probe concentrations in each tissue in terms
of %ID/g. Moreover, the lens aperture (f/stop) of the CCD camera used for
optical imaging can be manipulated to optimize image sensitivity and depth-of-
focus, which is not possible with a gamma detector.

Exposure of PS on tumor endothelium is characteristic of all tumor models
so far examined and the results of the optical and PET imaging studies
demonstrate the potential versatility of imaging agents based on IN11 F(ab’),.

Two types of tumors that may stand to benefit the most from PET imaging with
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IN11 F(ab’), are renal and brain carcinomas. '*F-FDG PET has been shown to
have both insufficient specificity and sensitivity to accurately identify renal
masses and does not offer any advantage over standard imaging with CT.[221-
222] Also, many molecularly targeted PET probes evaluated in preclinical studies
exhibit high kidney uptake due to urinary excretion. '**I-IN11 F(ab’), showed
minimal background signals in the kidney and should be evaluated in an
orthotopic mouse model of renal carcinoma. High glucose metabolism in normal
cortical gray matter prevents the accurate identification of brain tumors with 18R
FDG.[130] '*-1N11 F(ab’), demonstrated minimal background activity in the
brain and we have already shown that §00CW-1N11 F(ab’), can be used to image
gliomas. Therefore, a logical follow-up study would be to determine if 41N
F(ab’), can be used for PET imaging of brain tumors growing in mice. Imaging
agents that target PS exposed on tumor EC would be particularly attractive for
brain tumor imaging because, unlike tracers that target biomarkers on the tumor
cells, they would not have to cross the blood brain barrier.

IN11 F(ab’), compares favorably to other PS-targeting agents in terms of
affinity and specificity, but still requires 24-48 hours for optimal imaging. Ideally,
a physician should be able to inject a patient with an imaging agent and image the
tumor within hours rather than days. Consequently, much of my thesis work was
devoted to developing a imaging agent with a much lower molecular weight that

an F(ab’), (MW =110 kDa). Importantly, the agent also needed to not interact
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with serum components (i.e. B2GP1) so that any residue not retained at the target
site rapidly clears the circulation.

I started to research small peptides that could potentially be used to image
PS in tumors. Ultimately, I chose to study a peptide that didn’t bind to PS, but
rather bound to PE, the other abundant aminophospholipid found in mammalian
plasma membranes. Duramycin is attractive from an imaging standpoint because
it possesses an unusually high affinity for a short peptide, it is resistant to
degradation, is non-immunogenic, and has a short serum half-life.[106] Although
PE had not been validated as a marker of tumor endothelium, duramycin had been
studied to some extent by some of my predecessors in Dr. Thorpe’s laboratory.
Dr. Jin He conjugated duramycin to an IgG backbone and found that the construct
inhibited the growth of Meth-A fibrosarcomas in mice (unpublished data). Dr.
Andrei Marconescu used duramycin conjugated to flurophore-filled liposomes to
show that PE becomes externalized on irradiated endothelial cells grown in
culture.[100] Their data served as the foundation of a two-pronged hypothesis: 1)
PE is a marker of tumor vasculature much like PS and 2) duramycin can be used
for tumor imaging.

In an effort to design a PE-binding probe with a low molecular weight, I
biotinylated duramycin and tested its ability to localize to tumor endothelium
when injected into tumor bearing mice. Interestingly, I found that DLB only

localized to tumor vasculature when co-injected with unmodified peptide.
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Subsequently, I used DLB to demonstrate increased externalization of PE on
tumor EC in vivo in several different mouse tumor models and that the
mechanism for PE externalization was most likely related to hypoxia and other
oxidative stress within the tumor microenvironment. Furthermore, I was able to
image two different mouse models of prostate cancer using a NIR derivative of
duramycin, 800CW-DUR [27] Thus, I believe the data presented in this
dissertation support the hypothesis that PE is a tumor vascular marker that could
be used as a target for imaging agents.

800CW-DUR effectively imaged tumors growing in mice, but more work
needs to be done to fully evaluate the clinical potential of duramycin-based
probes. I tested [**Cu]DOTA-DUR for PET imaging of tumors, but observed
high hepatic uptake of the probe. The biodistribution of [*Cu]DOTA-DUR was
similar to that reported for 3 H-duramycin and we hypothesized that the more

favorable biodistribution reported for **™

Tc-duramcyin was related to its negative
charge. [106-107] Therefore, we labeled duramycin with 800CW, which is also
strongly negatively charged and tested its pharmacokinetic properties. In support
of our hypothesis, 800CW-DUR exhibited a similar biodistribution profile to
#MTc_duramceyin. It should be possible in future studies to radiolabel 800CW-
DUR with isotopes used for PET. However, conjugation to 800CW also

significantly increased the serum half-life of duramycin and tumors cannot be

clearly delineated until 24 hr after injection of the probe. Any PET imaging
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construct derived from 800CW-DUR would also suffer from a relatively slow
blood clearance rate.

The high signal in the liver associated with [**Cu]DOTA-DUR may not
solely be related to charge, but also may be caused by transchelation of %Cu. An
ethylene cross-bridged cyclam derivative 4,11-bis(carboxymethyl)-1,4,7,10
tetraazabicyclo[6.6.2]hexadecane (CB-TE2A) has been reported to have higher in
vivo stability than DOTA.[159, 219, 223] CB-TE2A is more resistant to
transchelation than DOTA because it forms an octahedral complex with 2 axial
nitrogens, 2 equitoral nitrogens, and 2 cis-equatorial carboxylates all coordinating
%Cu. DOTA, on the other hand, forms a distorted octahedron with 4 equatorial
nitrogens and 2 weakly binding carboxylates coordinating %%Cu (Figure 5.1).[219]
Future studies are needed to determine if duramycin radiolabled with [64Cu]CB—
TE2A has a more favorable biodistribution than [64Cu]DOTA—DUR. The
advantages in cost, commercial availability, and decay scheme that %4Cu has over
124 suggest that IN11 F(ab’), should also be derivatized with [64Cu]CB—TE2A
and evaluated in future experiments.

The fact that maximal PE binding of DLB and 800CW-DUR was only
achieved when each probe was complexed with unmodified duramycin is another
factor that may complicate the development of clinically useful duramycin-based
imaging agents. Further experiments are needed to test the hypothesis that

unmodified duramycin is disrupting endothelial membranes in the proximal and
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CB-TE2A DOTA
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Figure 5.1. Structures of different chelators used for $Cu radiolabeling. The
ethylene “cross-bridged” cyclam derivative CB-TE2A is less susceptible to
transchelation than DOTA, a nonbridged tetramacrocyclic. (adapted from Boswell
et al., 2004) [219]
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distal collecting tubules and therefore causing high retention of DLB and 800CW-
DUR in the kidney. An ideal duramycin-based imaging construct would
demonstrate low cytotoxicity and allow complex formation between individual
molecules of the construct, thereby eliminating the need for unmodified peptide.
This strategy may be more attractive than using linker molecules to create
multivalent duramycin constructs because the complex would only form in the
presence of PE and unbound probe could clear the circulation at a faster rate

Imaging exposed aminophospholipids on tumor endothelium may not
offer any advantage over standard imaging methods (e.g. '8E_FDG-PET) for the
early detection of primary or metastatic lesions. Even in large tumors, the total
amount of exposed PS or PE can be relatively low compared to overexpressed
tumor antigens that have been targeted for imaging including: the bombesin
receptor, folate receptor, somatostatin receptor, EGFR, VEGFR, ER, CEA,
PMSA, and a,f; integrin.[156, 159, 224-229]

Assessing tumor response to therapy is where PS and PE imaging agents
are likely to have the greatest impact. Localization and imaging studies using a
variety of animal models have consistently demonstrated increased binding of
IN11- and duramycin-based probes in tumors treated with radiation,
chemotherapy and androgen deprivation therapy. I am currently conducting
studies aimed at correlating tumor uptake of 'I.IN11 F(ab’), and inhibition of

tumor growth in tumors treated with each of these “conventional therapies”. If
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IN11- and/or duramycin-based probes are shown to predict the effect of standard
treatments then they should also be evaluated for their ability to predict the effect
of targeted drug therapies or immunotherapies. The development of novel
targeted therapies has led to a rapid expansion in the number of cancer drugs
undergoing clinical evaluation over the last ten years. However, the genotypic
and phenotypic heterogeneity of human cancer frequently causes patients with
similar tumor types to have markedly different responses to the same
therapy.[230-231] Consequently, the majority of experimental drugs fail to
demonstrate efficacy as they advance to Phase III trials.[232] Preclinical optical
imaging studies using 800CW-1IN11 F(ab’), or 800CW-DUR to test the efficacy
of these drugs in animal tumor models could help to improve the design of
downstream studies in humans. Early phase clinical trials are usually conducted
in patients with late stage disease where antitumor therapies may be much less
effective. In the clinic, PET imaging with aminophospholipid-targeting probes
could guide physicians to abandon ineffective treatments earlier, allowing them to

adopt alternative treatments at an earlier stage of disease.
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CHAPTER 6

MATERIALS AND METHODS

CHAPTER 2 MATERIALS AND METHODS

Preparation of 1N11 F(ab’), fragments and labeling with IRDyeS800CW

The human monoclonal antibody IN11 is produced under serum-free conditions
by Peregrine Pharmaceuticals, Inc. (Tustin, CA). Aurexis is a human monoclonal
antibody that binds to an irrelevant antigen (S. aureus clumping factor A) and was used
as a negative control antibody. 1N11 and Aurexis F(ab’), fragments were generated by
reacting antibodies with pepsin at a molar ratio of 1:130 (antibody:pepsin) for 1 h at
37°C. F(ab’), fragments (MW = 110 kD) were purified by FPLC using an S-200 column
(Pharmacia, Piscataway, NJ) and PBS running buffer. F(ab’), was then reacted with an
N-hydroxysuccinimide ester derivative of IRDye 800CW (Li-COR, Lincoln, NE) at
molar ratio of 1:10 (F(ab’),:dye) for 2 h at room temperature. Unreacted dye was
separated from the conjugate using a PD-10 desalting column (GE Healthcare, Uppsala,
Sweden). Analyses of the final product, based on the absorbance of the dye at 778 nm
and the absorbance of the F(ab’), at 280 nm, showed that it consisted of approximately 2
molecules of dye bound to each F(ab’), fragment. The products are referred to as

800CW-1N11 or 800CW-aurexis throughout this dissertation.
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Glioma xenografts
All animal procedures were approved by the Institutional Animal Care and Use

Committee of University of Texas Southwestern Medical Center.

Subcutaneous model

2 x 10° human US7MG glioma cells (ATCC, Manassas, VA, USA) in 100 pl
serum-free medium containing 25% MatriGel (25%, BD Biosciences, San Jose, CA)
were injected subcutaneously into the right thigh of anesthetized nude mice (n = 4;
BALB/c nu/nu; Harlan, Indianapolis, IN). For radiation studies, gliomas were implanted

into both thighs of the mice (n = 8).

Orthotopic implantation

A 1 cm long incision was made along the midline of the head of anesthetized
nude mice (n = 4) to expose the skull. Using a high-speed drill, a 1 mm burr hole was
made in the skull over the right hemisphere, anterior to the coronal fissure. About 10°
U87 cells in 4 ul of PBS and Matrigel were injected directly into right caudal
diencephalon 1.5 mm beneath the dura mater using a 32G Hamilton syringe. Usage of a
32G fine needle minimizes tissue damage. The burr hole was filled with bone wax and

the scalp was closed with sutures.
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Radiation treatment

When the subcutaneous tumors on both thighs reached ~ 5mm in diameter, a
single dose of 12 Gy of irradiation was delivered to the tumors on the left thigh of
anesthetized mice using a small animal irradiator (XRAD320, Precision X-ray, Inc.
North Branford, CT) fitted with a variable collimator to generate a single adjustable
collimated iso-dose beam of X-rays at a dose rate of 10 Gy/min. For the orthotopic
gliomas, a single dose of 12 Gy of irradiation was delivered using a D-shaped collimator

to the whole brain excluding the olfactory bulb.

Detection and quantification of PS exposure in vivo.

Mice bearing two thigh tumors were given a single dose of 12 Gy irradiation to
the left tumor to induce PS exposure, as described above. Twenty-four hours later, 150
pg IN11 or the control body Aurexis was injected i.v. and allowed to circulate for 4 h.
The mice were anesthetized, exsanguinated, and perfused with heparinized saline. The
tumors on both sides were removed and frozen for preparation of cryosections. Vascular
endothelium was stained using a rat anti-mouse CD31 antibody (BD Biosciences, San
Jose, CA) followed by Cy3-labeled goat anti-rat IgG. 1N11 or Aurexis was detected
using biotinylated goat anti-human IgG conjugated to Cy2. Images were captured using
a Coolsnap digital camera mounted on a Nikon microscope and analyzed with MetaVue
software (Universal Imaging Corporation). Doubly labeled endothelial cells (i.e. CD31

positive/IN11 positive) were identified by yellow fluorescence on merged images. The
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percentage of doubly positive vessels was calculated as follows: (mean number of
yellow vessels per field/mean number of total vessels) x 100. Ten random 0.079-mm*

fields were evaluated for each section.

In vivo Imaging
MRI

Orthotopic gliomas were examined by anatomic MRI using a 9.4T horizontal
bore magnet with a Varian INOV A Unity system (Palo Alto, CA). Each mouse was
maintained under general anesthesia (air and 2 % isoflurane). T,- and T,-weighted fast
spin-echo multislice coronal images were acquired. T;-weighted contrast enhanced
images were acquired after i.v. bolus injection of the contrast agent Gd-DTPA-BMA (0.1
mmol/kg body weight; Omniscan™, Amersham Health Inc., Princeton, NJ) into a tail

vein.

Near Infrared Fluorescence Imaging
When the subcutaneous tumors reached ~ 5 mm in diameter, in vivo fluorescence
imaging was performed using a Maestro imaging system (CRI Inc. Woburn, MA). Each
mouse was maintained under general anesthesia (air and 2 % isoflurane). NIR images
were acquired before and at different times after administration of 800CW-1N11 or
800CW-Aurexis (2 nmol/mouse) via a tail vein. For the irradiated tumors, the NIR dye-

labeled conjugates were injected 24 h after irradiation and imaging was carried out



154

periodically for 24 h. A set of filters specifically for NIR imaging (excitation, 671-705
nm; emission, 730-950 nm) was applied. Immediately after the last image at 24 h, mice
were anesthetized and the scalp of the mouse was surgically reflected to expose the skull
and a fluorescence image was acquired. For the orthotopic glioma bearing mice, the skull
was further removed to expose both sides of the brain tissues and a last in vivo image was
obtained. The whole surgical procedure and imaging was completed within 10 min under

anesthesia and no obvious bleeding occurred.

Analysis of fluorescence imaging

Fluorescence images were processed with the Maestro software 2.8. The
spectrum of background signal (peak emission ~ 770 nm) was first obtained from a
mouse before the 800CW-antibody conjugate injection, while the spectrum of 800CW
conjugates (peak emission ~ 800 nm) was detected from a solution of the dye in PBS
(0.01 nmol/ul). The spectra were then imported and used to unmix the NIR dye signal
from the background signal for both in vivo and ex vivo studies. The whole set of in vivo
images of an individual mouse, obtained before and at various times after injection of the
dye, was examined for quantification. A common ROI was based on the most obvious
signal of the tumor 24 h after injection and was applied to both the tumor and normal
tissue of each image. The total photon counts (counts/s) in identical ROI were compared

to detect dynamic changes in signal intensity.
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Ex vivo fluorescence imaging
Immediately after the last in vivo image, tumor-bearing mice were sacrificed and
tumor tissues and thigh muscles were dissected. Ex vivo fluorescence imaging was

performed using the Maestro imaging system.

Near infrared florescence microscopy

Immediately after in vivo imaging, tumor-bearing mice were sacrificed and
tumor tissues were dissected out. The cryosections were immunostained with antibodies
to the endothelial marker, CD31 (Serotec, Raleigh, NC) followed by Cy3-conjugated
secondary antibody (Jackson Immunoresearch Laboratories, West Grove, PA). The NIR
fluorescence signal was detected using a Zeiss AxioObserver (Carl Zeiss Microlmaging,
Inc., Thornwood, NY) equipped with NIR filters. The NIR signals were recorded and

merged with the CD31 image and the DAPI-stained image of the same field.

Statistical analysis
Statistical significance was assessed using an ANOVA on the basis of Fisher’s protected
least significant difference (PLSD; Statview; SAS Institute Inc., Cary, NC) or Student’s t

tests.
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CHAPTER 3 MATERIALS AND METHODS

Materials

Iodine-124 (1241) was obtained from IBA Molecular, Inc. (Richmond, VA).
Todine-125 ('*’I) was obtained from Perkin Elmer (Waltham, MA). Pre-coated
iodination tubes were purchased from Pierce Biotechnology (Rockford, IL).
Instant thin-layer chromatography plates (ITLC-SG) were purchased from Pall
Life Sciences (East Hills, NY). Dulbecco’s modified Eagle’s (DMEM) tissue
culture medium, Roswell Park Memorial Institute (RPMI) 1640 tissue culture
medium, Dulbecco phosphate buffered saline (PBS) containing Ca®* and Mg**,
glutamine and fetal bovine serum (FBS) were obtained from HyClone (Thermo
Scientific, Logan, UT). F-12K tissue culture medium was purchased from
Invitrogen (Grand Island, NY). Matrigel was purchased from BD Biosciences
(Bedford, MA). Bio-Spin 6 gel filtration columns were purchased from Bio-Rad
Laboratories (Hercules, CA). 96-well Immulon 1B microtiter plates were
obtained from Thermo LabSystems (Franklin, MA). Phosphatidylserine (PS) was
obtained from Avanti Polar Lipids (Alabaster, AL). Bovine serum albumin
(BSA) was purchased from Sigma-Aldrich (St. Louis, MO). Furosemide was

purchased from Sigma-Aldrich (St. Louis, MO).
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Antibodies

The anti-PS antibody IN11 was generated by Affitech A.S. (Oslo,
Norway) in collaboration with Peregrine Pharmaceuticals, Inc. (Tustin, CA). For
in vitro assays, 1N11 required 1:1 addition of human B2 glycoprotein to bind PS.
Aurexis is a human monoclonal antibody that binds an irrelevant antigen (.S.
aureus clumping factor A) and was used as a negative control. Rat antimouse
CD31 antibody was purchased from BD Biosciences (San Jose, CA). Goat
antihuman immunoglobulin conjugated to Cy2 and goat antirat conjugated to Cy3
secondary antibodies were obtained from Jackson Immunoresearch Labs (West

Grove, PA).

Preparation of L4131 1IN11 F(ab’),

F(ab’), fragments were generated by reacting antibodies with pepsin at a
molar ratio of 1:130 (antibody:pepsin) for 1 h at 37°C. F(ab’), fragments (MW =
110 kD) were purified by FPLC using an S-200 column (Pharmacia, Piscataway,
NJ) and PBS running buffer. The F(ab’), fragments were then radioiodinated
using the indirect IODO-GEN method (Pierce Biotechnology). Briefly, 1-3 mCi
radioactive iodine was activated in 100 ul iodination buffer (125 mM Tris-HCL,
pH 6.8, 150 mM NaCl) in a pre-coated iodination tube and then reacted with 0.2-
0.6 mg F(ab’), in 100 pl iodination buffer in a separate uncoated tube. Free

iodine was removed using Bio-Spin 6 gel filtration columns that were pre-blocked
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with iodination buffer supplemented with 10% FBS. Radio-TLC analysis was
used to determine radioiodination efficiency and was performed on a Rita Star
Radioisotope TLC Analyzer (Straubenhardt, Germany) using ITLC-SG plates and

PBS as the mobile phase.

Cells

PC3 human prostate carcinoma cells that express luciferase (PC3luc) and
LNCaP human prostate carcinoma cells were obtained from American Type Cell
Collection (Rockville, MD). Adult bovine aortic endothelial (ABAE) cells were
obtained form Clonetics (Walkerville, MD). PC3 cells were maintained in F-12K
media, LNCaP cells were maintained in RPMI media, and ABAE cells were
maintained in DMEM media. All tissue culture media was supplemented with
10% FBS and 2 mM L-glutamine. Cells were trypsinized with 0.25% trypsin and

2.1 mM EDTA (Mediatech Inc., Manassus, VA).

Growth of s.c. Implanted Tumors

For localization and imaging studies, 2 x 10° PC3luc cells were injected
into the right flank or 5 x 10° LNCaP cells were injected into the left flank of
male athymic nu/nu mice (Charles River Fredrick, MD). Tumors were allowed to

grow to a volume of 0.4-0.7 cm”.



159

PS Competition ELISA

Phosphatidylserine (PS) was dissolved in n-hexane (10 pg/ml) and 50 pl
of this solution was added to wells of Immulon 1B 96-well plates. The solvent
was evaporated at room temperature (RT) and the plates were blocked for 1 h
with 1% BSA dissolved in PBS. '®I-IN11 F(ab’), and unlabeled PGN636
F(ab’), was diluted in blocking buffer at an initial concentration of 200 pg/ml and
2-fold dilutions were performed in a separate 96-well plates (100 ul per well).
Biotinylated IN11 (IN11-LB, 0.1 pg/ml) and B2GP (1 pg/ml) were then added to
each well (final volume/well = 200 pl) and mixed. PS-coated plates were washed
with PBS and F(ab’), mixtures (100 ul/well) were transferred from dilution plates
to PS-coated plates. The plates were then incubated for 1 hr at RT. The plates
were washed and bound IN11-LB was detected using HRP-conjugated
streptavidin (1:2000 in blocking buffer) and developed with the chromogenic
substrate ODP. The plates were read at 490 nm using a microplate reader

(BioTek Instruments, Winooski, VT).

Cell Binding Assay

ABAE and PC3 cells were cultured in 12-well tissue culture plates (BD
Falcon, Bedford, MA) until approximately 80% confluent. To induce PS
1247

exposure cells were irradiated with 5 Gy 24 h prior to incubation with

PGN645 F(ab’),. Untreated cells were used as a control. Cells were incubated
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with 1 ug/ml '**

I-IN11 F(ab’), or control for 1 hr. The cells were then washed
with PBS and digested with IN NaOH (30 min). Activity from cell digests was

measured using a calibrated y-counter (Perkin Elmer, Waltham, MA).

In Vivo Biodistribution Studies

Tumor-bearing mice were injected intravenously (i.v.) with 50 pg, 50 uCi
dose of '®I-1N11 F(ab’),. Animals were sacrificed at 24, 48 and 72 hr post-
injection and tumors, blood, and other organs of interest were collected, weighed,
and measured for activity using a y-counter. 'Z1.IN11 F(ab’), uptake in each
organ was expressed as percentage injected dose per gram (%I1D/g) and
percentage injected dose per organ (%ID/organ) and represent the mean +/- SD of

n=3.

In Vivo Stability Test.

Non-tumor bearing mice were injected intravenously with either 50 pg, 50
uCi or 50 pg, 100 uCi doses of 2.IN11 F(ab’),. Mice injected with 50 uCi
were sacrificed at 1 hr and 24 hr post-injection (p.i.) and mice injected with 100
uCi were sacrificed at 48 hr p.i. Blood from the mice was collected, the
erythrocytes were removed by centrifugation, and the serum was analyzed by high
performance liquid chromatography (HPLC). HPLC analysis was performed

using a Waters Biosuite 125 SEC column (300 x 7.8mm, 10 um) and a Waters
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600 Mulitsolvent Delivery System equipped with a Waters 2996 Photodiode
Array (PDA) detector and in-line Shell Jr. 2000 radiodetector (Fredericksburg,

VA). The mobile phase was PBS (pH = 7.2) at 1.0 ml/min flow rate.

Localization of 1N11 F(ab’), in Tumors

IN11 F(ab’), can bind PS in the outer or inner leaflet of cell membranes if
directly applied to frozen tissue sections. To detect exposed PS on the surface of
endothelial cells, 100 pg 1N11 F(ab’), was injected intravenously into tumor-
bearing mice. Aurexis F(ab’), was used as a negative control. Sixty min. later,
mice were sacrificed and perfused with heparinized saline as described
previously.[233] To detect the exposed PS on cancer cells, the antibody was
allowed to circulate for 4 hr to give it time to permeate into tumor masses. The
tumor and major organs were removed, snap-frozen and cut into 10 um
cryosections. Sections were incubated overnight with rat antimouse CD31
antibody (1:200 in 1%BSA). Goat antirat Cy3 was used to detect the CD31
antibody. IN11 F(ab’), was detected with goat antthuman Cy2. Cell nuclei were

counterstained with DAPI.

PET Imaging of Tumors with '**[-1N11 F(ab’),
Tumor-bearing mice were imaged with a Siemens Inveon PET-CT

Multimodality System (Siemens Medical Solutions Inc., Knoxville, TN). Thyroid
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uptake of 124

I was blocked by adding 10 drops saturated KI per 100 ml of drinking
water 24 hr prior to injection of .IN11 F(ab’),. Stomach uptake was blocked
by gastric lavage with 1.5 ml potassium perchlorate in 200 pul PBS 30 min before
injection. The mice were injected via a tail vein with 50 uCi (1.8 MBq), 50 pg
dose of "**I-IN11 F(ab’), in 150 ul PBS. Mice bearing orthotopic tumors were
injected intraperitoneally (i.p.) with 10 mg/kg furosemide and given 200 pl water
by gastric lavage 1 hr prior to imaging to clear residual activity from the bladder.
The mice were first anesthetized with 3% isoflurane until stable vital signs were
established then placed on the imaging bed and imaged under 2% isoflurane
anesthesia for the duration of the procedure. CT images were acquired at 80 kV
and 500 pA and with a total scan time of approximately 6 min. CT images were
reconstructed using COBRA Reconstruction Software. PET imaging was
performed directly after acquisition of CT data. The scan time for PET images
were between 10 and 20 min and the data was reconstructed using a Fourier
Rebinning and Ordered Subsets Expectation Maximization 3D (OSEM3D)
algorithm. Reconstructed CT and PET images were superimposed and analyzed
using the Siemens Inveon Research Workplace (IRW) software. For
quantification, tumor-margins were determined by CT morphology and regions of

interest (ROIs) were defined manually.
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CHAPTER 4 MATERIALS AND METHODS

Materials

Duramycin from Streptoverticillium cinnamoneus, bovine serum albumin
(BSA), o-phenylenediamine dihydrochloride (ODP) and vascular endothelial
growth factor (VEGF) were purchased from Sigma (St. Louis, MO). Sulfo-NHC-
LC Biotin was obtained from Pierce (Rockford, IL). IRDye 800CW NHS Ester
was obtained from LI-COR Biosciences (Lincoln, NE). Dulbecco’s modified
Eagle’s (DMEM) tissue culture medium, Dulbecco phosphate buffered saline
(PBS) containing Ca® and Mg2+, glutamine and fetal bovine serum (FBS) were
obtained from HyClone (Thermo Scientific, Logan, UT). Alexa Fluor 488-
conjugated streptavidin, Alexa Fluor 350-conjugated streptavidin and Prolong
Gold mounting media with DAPI were obtained from Molecular Probes
(Invitrogen, Carlsbad, CA). Horseradish peroxidase-conjugated streptavidin and
Cy3-conjugated streptavidin were purchased from Jackson ImmunoResearch Labs
(West Grove, PA). Immulon 1B 96-well microtiter plates were obtained from
Thermo LabSystems (Franklin, MA). LUMITRAC 96-well microtiter plates were
obtained from Greiner Bio-One (Monroe, NC). Phosphatidylethanolamine (PE),
phosphatidylcholine (PC), phosphatidylserine (PS), sphingomyelin (SM),
phosphoinositol (PI), phosphatidic acid (PA) and phosphatidylglycerol (PG) were

obtained from Avanti Polar Lipids (Alabaster, AL).
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Antibodies

The anti-PS antibody bavituximab is produced under serum-free
conditions by Peregrine Pharmaceuticals, Inc. (Tustin, CA). Bavituximab
requires 1:1 addition of human B2 glycoprotein to bind PS. Rituxan is a human
monoclonal antibody that binds human CD20 and was obtained from the UT
Southwestern pharmacy. Rat anti-mouse CD31 antibody was purchased from BD
Biosciences (San Jose, CA). Goat anti-human IgG conjugated to Cy2, goat anti-
rat IgG conjugated to Cy3, and biotinylated goat anti-rat IgG secondary antibodies

were obtained from Jackson Immunoresearch Labs (West Grove, PA).

Synthesis of duramycin conjugates and control peptides

Duramycin was reacted through its free amino groups with an N-
hydroxysuccinimide (NHS) ester of a long chain (adipic) derivative of L-biotin at
molar ratio of 1 : 1.1. Briefly, NHS-biotin in DMSO was rapidly mixed with
duramycin in PBS. The reaction was allowed to proceed for 2 h. Unreacted
biotin was removed by dialysis. The product corresponding to one molecule of
duramycin linked to one molecule of biotin was purified by HPLC. Mass
spectrometry confirmed a molecular mass of 2352 Da (Fig. 1A). The duramycin-
L-biotin conjugate (DLB) was supplemented with an equal weight of unlabeled
duramycin for all assays, as its addition strengthened PE binding. The control

peptide linear duramycin (linDUR) was synthesized by Biosynthesis Inc.
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(Lewisville, TX) and has the same sequence as duramycin except that thioether-
linked amino acids were substituted with alanines. LinDUR was biotinylated to
produce the control peptide linear-duramycin-L-biotin (linDLB). LinDLB was
also supplemented with an equal weight of unlabeled duramycin for all assays.
Duramycin was reacted with the NHS ester of IRDye 800CW ata 1:1
molar ratio as described above. The product consisting of one molecule of
duramycin linked to one molecule of 800CW was purified by HPLC. Mass
spectrometry confirmed a molecular mass of 2998 Da (Fig. 1B). LinDUR reacted
with IRDye 800CW produced the control peptide referred to as 800CW-linDUR.
Both 800CW-DUR and 800CW-1inDUR were supplemented with an equal weight

of unlabeled duramycin for all assays.

Cells

Adult bovine aortic endothelial (ABAE) cells were obtained form
Clonetics (Walkerville, MD). RM-1 mouse prostate carcinoma, RM-9 mouse
prostate carcinoma, 4T1 mouse breast carcinoma, B16 mouse melanoma, and
AS549 human lung carcinoma cells were obtained from American Type Cell
Collection (Rockville, MD). MDA-MB-231 human breast carcinoma cells were
provided by Dr. Robert Kerbel (Sunnybrook Health Sciences Center, Toronto,

Ontario, Canada). All cells were maintained in DMEM supplemented with 10%
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FBS and 2 mM L-glutamine. Cells were trypsinized with 0.25% trypsin and 2.1

mM EDTA (Mediatech Inc., Manassus, VA).

Growth of s.c. implanted tumors

For localization studies, 10° RM-1, RM-9 or B16 cells were injected into
the right hind flank of male C57BL/6 mice (UTSW breeding core). A549 cells (5
x 10°cells) were injected into the right hind flank of female athymic nu/nu mice
(Charles River, Fredrick, MD). Tumors were allowed to grow to a volume of 0.7-

1.0 cm?.

Orthotopic MDA-MB-231 and 4T1 breast carcinoma models

Female nu/nu or SCID mice were purchased from Charles River. MDA-
MB-231 or 4T1 cells (5 x 10°) suspended in 0.1 ml were implanted into the
mammary fat pad as described previously [234]. Briefly, mice were anesthetized
and a 5 mm incision was made in the skin over the lateral thorax. The mammary
fat pad was exposed to ensure the correct site of implantation and tumor cells
were injected with a 25 gauge needle. The incision was closed with a wound clip

that was removed 5-7 days later.
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MMTV-PyMT transgenic mice

Mouse Mammary Tumor Virus (MMTYV) promoter driven expression of
polyoma middle T antigen (PyMT) results in mammary gland-specific
adenocarcinoma formation [235]. Female MMTV-PyMT mice were obtained
from the laboratory of Dr. Rolf Brekken at UT Southwestern Medical Center

(Dallas, TX).

Radiation Treatment

Tumor-bearing mice were treated with a single dose of 5 Gy focal
irradiation using a small animal irradiator (XRAD320, Precision X-ray, Inc. North
Branford, CT). The irradiator was fitted with a variable collimator to generate a

single adjustable collimated iso-dose beam of X-rays at a dose rate of 10 Gy/min.

Androgen Deprivation Therapy (ADT)

Androgen deprivation was achieved via castration. Briefly, tumor-bearing
mice were anesthetized and an incision was made in the scrotum. A second
incision was made in the tunica of the first testicle and the testis, vas deferens, and
testicular fat pad was exposed. The testis was severed from the vas deferens and
fat pad and the blood vessels supplying the testis were cauterized. The procedure
was repeated for the testicle on the contralateral side and the scrotum incision was

closed using wound clips.
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Anti-phospholipid ELISAs

To test the binding of DLB and 800CW-DUR, phospholipids were
dissolved in n-hexane (10 pg/ml) and 50 pl of this solution was added to wells of
Immulon 1B or LUMITRAC 96-well plates. The solvent was evaporated at room
temperature (RT) and the plates were blocked for 1 h with 5% FBS dissolved in
PBS. DLB and 800CW-DUR were diluted in blocking buffer at an initial
concentrations of 1 pg/ml and 10 pg/ml respectively and 2-fold dilutions were
performed in a separate 96-well plates (100 ul per well). Phospholipid-coated
plates were washed with PBS and DLB and 800CW-DUR were transferred from
dilution plates to Immulon 1B and LUMITRAC plates respectively. The plates
were incubated for 1 h at RT and then washed. Bound 800CW-DUR was
detected using an Odyssey imaging system (LI-COR Biosciences, Lincoln, NE).
Bound DLB was detected using HRP-conjugated streptavidin (1:2000 in blocking
buffer) and ODP substrate. Optical density of ODP was read at 490 nm using a

microplate reader (BioTek Instruments, Winooski, VT).

Hemolysis assay

Fresh mouse blood was treated with heparin (15 IU/ml) and centrifuges
(300 x G, 5min) to sediment the red cells. After 3 washes, the red cells were
resuspended in 10 x the original volume of blood. Duramycin or DLB were

serially 2-fold-diluted in PBS in 100 pl volumes in 96-well round-bottomed
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microplates. The red cell suspension (100 pl/well) was added. The plates were
kept at room temperature for 1 h. Supernatants were removed and their

absorbance was measured at 575 nm in an ELISA reader.

Immunohistochemical detection of exposed PE on the surface of cultured
endothelial cells

ABAE cells were cultured in 8-well chamber slides (BD Falcon, Bedford,
MA) until approximately 80% confluent. To induce PE exposure, cells were
irradiated with 5 Gy 24 h prior to staining. Untreated cells were used as a control.
Cells were incubated with DLB (0.5 pg/ml) dissolved in culture media. 1linDLB
(0.5 ng/ml) was used as a negative control. Bavituximab (1 pg/ml) was used as a
positive control for detection of PS. The cells were then washed with PBS and
fixed with 4% paraformaldehyde for 10 min. Excess aldehyde groups were
quenched with 50 mM ammonium chloride for 5 min. Biotinylated peptides were
detected by incubating Alexa Fluor 488- or Cy3-conjugated streptavidin (1:1000
in 1% BSA) for 30 min. Cell membranes were permeablized with 0.5% TritonX-
100 (5 min) and cytoskeletons were stained with Texas Red labeled phalloidin

(1:200 in 1%BSA) (30 min). Cell nuclei were counterstained with DAPI.
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Effect of ROS, hypoxia, pH and VEGF on PE exposure in cultured EC

For all treatments, ABAE cells were cultured in 75 cm? flasks (Corning
Inc., Lowell, MA) until approximately 80% confluent. To mimic ROS in tumors,
cells were treated with 10 uM H,0O, in serum free media for 1 h. To study the
effect of hypoxia, flasks of cells were placed in a humidified normoxic
atmosphere (21% O,, 5% CO,) for 48 h before being transferred to a humidified
hypoxic atmosphere (1% O,, 5% CO,, 94% N,) in a sealed chamber (Biospherix,
Lacona, NY). The cells were incubated in the hypoxic chamber at 37°C for 24 h
and were then returned to a normoxic environment for 4 h at 37°C. To study the
effect of acidity, cells were incubated for 24 h in bicarbonate-free media adjusted
to pH 5.8 with HCl at 37°C and in the absence of CO,. Untreated cells from an
identical passage were used as controls. After all treatments, cells were
trypsinized for 1 min, washed and resuspended in ice cold FACS buffer (DPBS
with 10% FBS and 0.02% NaNj3). To detect externalized PE, cells were incubated
with DLB (0.5ug/ml) for 1 hour. linDLB (0.5 ng/ml each) was used as a
negative control. Bavituximab (20 pug/ml) was used to detect exposed PS and
rituxan (20 pg/ml) was used as a non-binding control for bavituximab. Cells were
washed and bound peptides were detected with Alexa Fluor 488 conjugated-
streptavidin (1:3000 in FACS buffer) and bound antibodies were detected with

goat anti-human IgG-Cy2 (1:3000). Apoptotic cells were identified with
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propidium iodide. The cells were analyzed with a FACScan flow cytometer (BD

Biosciences).

Localization of duramycin peptides in tumor-bearing mice in vivo

To detect PE on the surface of EC, DLB (100 ug) was injected
intravenously into tumor-bearing mice. Bavituximab (150 pg) and linDLB (100
ug) were used as positive and negative controls, respectively. The mice were
killed after 60 min and perfused with heparinized saline as described
previously.[233] The tumor and major organs were removed, snap-frozen and 10
um cryosections were cut. Sections were incubated overnight with rat anti-mouse
CD31 antibody (1:200 in 1% BSA). Goat anti-rat [gG-Cy3 was used to detect the
CD31 antibody. DLB was detected with Alexa Fluor 488 conjugated-streptavidin.
Bavituximab was detected with goat anti-human IgG-Cy2. Cell nuclei were
counterstained with DAPI. PE-positive vessels were classified as DLB+, CD31+

co-stained structures having vascular endothelial cell morphology.

Detection of hypoxia in PE-positive tumors

100 ng DLB was injected intravenously into male C57B1/6 mice bearing
RM-9 tumors. Immediately afterward, 2 mg pimonidazole HCI (Hypoxyprobe-1
kit) was injected intraperitoneally. After 1 h, tumors were harvested and sections

were prepared as described previously [233]. Sections were incubated overnight
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with rat anti-mouse CD31 IgG antibody (1:200) and FITC-labeled antibody
against the pimonidazole adduct (Hypoxyprobe kit) (1:50) in 1% BSA. The
following day, sections were stained with saturating amounts of Cy3-conjugated
streptavidin (1:500) to detect DLB. After washing, the sections were incubated
with biotinylated goat anti-rat IgG (1:500) followed with Alexa Fluor 350-
conjugated streptavidin (1:500) to detect the CD31 antibody.
Immunohistochemical staining for pimonidazole adduct formation was also used
to compare levels of hypoxia in similar-sized (1 cm diameter) RM-9 tumors and
4T1 tumors. For each tumor type, multiple fluorescent images were captured at
low magnification (100X) and hypoxia staining was quantified using ImageJ

software.

Imaging of tumors with 800CW-DUR

In vivo near-infrared fluorescence imaging was performed using a
Xenogen IVIS Lumina imaging system (Xenogen, Alameda, CA). 800CW-DUR
(50 pg) was injected into a tail vein in male mice bearing RM-9 tumors. 800CW-
linDUR (50 pg) was used as a control. 24 h after injection, mice were
anesthetized with 2% isoflurane (Halocarbon, North Augusta, SC) and images
were obtained. Fluorescence (photons/s/cm”/sr) was detected using the NIR filter

set (excitation between 605-780 nm and emission between 810-885 nm).
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