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Abstract

Tremendous advances over the last several decades in positron emission tomography (PET) and
single photon emission computed tomography (SPECT) allow for targeted imaging of molecular
and cellular events in the living systems. Angiogenesis, a multistep process regulated by the
network of different angiogenic factors, has attracted world-wide interests, due to its pivotal role
in the formation and progression of different diseases including cancer, cardiovascular diseases
(CVD), and inflammation. In this review article, we will summarize the recent progress in PET or
SPECT imaging of a wide variety of vascular targets in three major angiogenesis-related diseases:
cancer, cardiovascular diseases, and inflammation. Faster drug development and patient
stratification for a specific therapy will become possible with the facilitation of PET or SPECT
imaging and it will be critical for the maximum benefit of patients.
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1. Introduction

Angiogenesis is critical for various growth and development relevant events including
embryogenesis, tissue remodeling, and wound healing [1]. The sophisticated process is
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usually regulated in a spatial and temporal manner via active interactions between
angiogenic factors, extracellular matrix (ECM) components, and various types of cells.
Imbalanced angiogenesis will lead to angiogenic disorders and destructive process of
diseases, such as cardiovascular diseases (CVD, e.g. atherosclerosis), inflammation, and
tumor growth/metastasis [2].

The pivotal process of angiogenesis can be divided into multiple stages. At the initial stage,
the angiogenic stimuli activate the endothelial cells (ECs, the essential building blocks of all
vessels) by enhancing their permeability and proliferation, resulting in new capillary sprout
elongation [3]. The following stage involves the degradation of membrane matrix
components to promote the invasion of ECs into the stroma from the proximal tissue [4],
where matrix metalloproteinases (MMPs) are of critical importance. After the migration of
ECs, the buildup of lumen is confirmed with the formation of multicellular vessel sprout.
The final stage of angiogenesis is the stabilization of newly formed capillary. Disruption of
angiogenesis is a critical factor of many pathological disorders, such as insufficient vascular
density observed in myocardial or limb ischemia [5, 6] or irregular vascular growth and
abnormal remodeling in primarily tumors [7] development.

In normal conditions, angiogenesis and inflammation are collaborators in the tissue repair
and remodeling following tissue damage or destructive process of disease. In contrast, a
detrimental relationship between angiogenesis and inflammation can result in diseases like
asthma, atherosclerosis, diabetes, abdominal aortic aneurysm, inflammatory bowel diseases,
and rheumatoid arthritis (RA) [8-12]. Acute inflammation usually triggers a protective
defense against the “intruders”, which involves rapid recruitment and activation of various
immune/inflammatory cells to fight against pathogens [13, 14]. On the other hand, chronic
inflammation can cause substantial tissue damage which might facilitate carcinogenicity
[15], where pathological angiogenesis (i.e. angiogenesis process under pathological states,
e.g. tumorigenesis and inflammation) promotes a continuous recruitment of inflammatory
cells, exacerbating inflammation and damage [16]. A number of inflammatory cells (e.g.
neutrophils, eosinophils, mast cells, natural killer (NK) cells, macrophages, and dendritic
cells (DCs)) are involved in inducing and promoting angiogenesis. Under hypoxia condition,
these inflammatory cells can secrete a plethora of angiogenesis-boosting molecules,
including vascular endothelial growth factor (VEGF), tumor necrosis factor-a (TNF-a), and
various cytokines, resulting in enhanced vascular permeability and additional recruitment of
immune cells. Multiple types of leukocytes and macrophages also involve in the proteolytic
remodeling of the ECM by releasing different types of proteases (MMPs, cathepsins,
plasminogen, urokinase etc.) to stimulate blood vessel formation. Activation of these
inflammatory cells will also lead to the production of reactive oxygen species (ROS),
important stimuli of angiogenesis.

The interactions between these constituents result in an intricate and heterogeneous complex
of cells and matrix in the pathological angiogenesis. To explore the mechanisms of
angiogenesis in molecular level and identify potential targets for disease therapy/prevention,
precise knowledge about the role/network of these molecules (e.g. pro- or anti- angiogenic
factors, vascular targets, etc.) inside the angiogenic cascades will be extremely beneficial.
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With an aim to demonstrate the pros and cons of the different vascular targets (Scheme 1
and Table 1) in the diagnosis and therapy of various diseases, herein we will summarize
newly developed radiotracers for positron emission tomography (PET) or single-photon
emission computed tomography (SPECT) imaging of these vascular targets in three major
angiogenesis-related diseases (i.e. cancer, cardiovascular diseases, and inflammation).
Future research directions in the field of molecular imaging of angiogenesis will also be
discussed.

2. Vascular targets of pathological angiogenesis

The vascular targets of pathological angiogenesis can be categorized into three major types:
(1) targets on the ECs, (2) targets on non-ECs (i.e. monocytes, macrophages, and stem cells
etc.), (3) ECM proteins and proteases [17]. Numerous studies have been performed to
identify the roles in angiogenesis of various molecule families including VEGFs and their
receptors (VEGFRs) [18, 19], Tie receptors [20], integrins [21], other growth factor
receptors [22-24], as well as various cell adhesion molecules [25-27]. Some of these targets
have been extensively investigated for pro- or anti- angiogenic therapies, whereas many
others are emerging as new validated targets.

The therapeutic potentials offered by targeting these vascular targets fascinate researchers/
clinicians [28, 29]. A series of clinical trials used different pro-angiogenic factors for
therapeutic stimulation of angiogenesis but most of these trials did not show satisfactory
outcomes [29]. Alternative strategies involved the usage of angiogenesis-related cell
therapies or microRNAs [30], are actively pursued. In contrast, drugs blocking vessel
growth have been successful demonstrating efficacy in several diseases, leading to the
regulatory approval of significant amount of anti-angiogenic molecules. One good example
is the approval of VEGF-targeting agents in both cancer and eye disease [31]. However, not
all patients (especially cancer patients) can benefit from these agents due to different VEGF/
VEGFR expression profile in patients. At the same time, the diseases can develop resistance
and become refractory toward the VEGF/VEGFR inhibitors [32]. The same situation also
applies to anti-angiogenic therapies against other vascular targets [33-35]. Conflicting
results from the anti-angiogenic therapies in cancer treatment have raised concerns on
whether anti-angiogenic treatment may trigger a selection to produce tumors with higher
invasiveness and metastasis capability [36].

For anti-angiogenic therapy to pose a persistent impact on patient treatment and
management, a comprehensive knowledge of the molecular events in the disease
development and drug responses is important. To date, most of the mechanisms behind anti-
angiogenic therapeutics as well as resistance to specific drugs remain unclear. In the last two
decades, molecular imaging is gaining more popularity in collecting molecular information
from the in vivo interactions/signal pathways to evaluate receptor expression profile and
treatment efficacy in an early and accurate manner [37, 38]. With the definition of
“visualization, characterization, and measurement of biological processes at the molecular
and cellular levels in living systems” [37], molecular imaging can serve as a useful tool to
further our understanding of molecular mechanisms behind angiogenesis and boost the
efficacy of angiogenic therapies. A wide variety of imaging modalities have been employed
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to study the molecular pathways of angiogenesis including ultrasound, computed
tomography (CT), magnetic resonance imaging (MRI), near-infrared fluorescence (NIRF),
bioluminescence, SPECT, and PET [39, 40]. The inherent strengths and weaknesses from
each modality make synergistic multimodality imaging systems (e.g. SPECT/CT, PET/CT,
and PET/MRYI) increasingly attractive as these hybrid systems become more available world-
wide. Among all the molecular imaging modalities, non-invasive nuclear imaging including
SPECT and PET could offer enormous opportunities to elucidate these mechanisms and
facilitate the personalized angiogenic therapy due to their high detection sensitivity, limitless
penetration depth, and accurate target specificity [41].

3. PET or SPECT imaging of vascular targets in cancer

3.1 Molecular imaging modalities: PET vs SPECT

With the support of different radionuclides, SPECT and PET are molecular imaging
techniques that enable expression profile evaluation of molecular targets within a living
subject. Both techniques have deep signal penetration and demonstrate high sensitivity in
imaging of molecular targets/processes, hence they have been routinely used in the clinic for
more than a decade [42]. The spatial resolution of PET or SPECT is not as high as CT or
MRI (which has sub-millimeter resolution) [43]. However, high contrast resolution and
capability of providing functional information in the nano- or picomolar range make these
two imaging modalities highly attractive.

SPECT is more established, less expensive, and more widely available than PET. Typically
SPECT scanners employ collimators to define the angle of incidence of emitted gamma rays
[44], resulting in a very low detection efficiency (< 1074). Frequently used radioisotopes in
SPECT imaging include technetium 99MTc (ty/,: 6.0 h), indium 111In (t1: 2.8 d), iodine 123
(ty2: 13.2 h), and 1321 (t;/5: 8.0 d). One of the major advantages of SPECT imaging is that it
can be used for simultaneous imaging of different radionuclides via the energy identification
of the gamma photons emitted from various radioisotopes [45], thereby enabling
simultaneous visualization of parallel biological events, although such strategy is not
frequently adopted.

Compared with SPECT, PET possesses certain superiority and gains increasing popularity in
both the preclinical and clinical settings. Since its development in the 1970s [46], PET
adopted different positron-emitting isotopes for imaging purposes, among which the most
popular choices include carbon 11C (ty/5: 20 min), fluorine 18F (t;/5: 110 min),

copper 8/64Cy (t1/,: 3.3 hand 12.7 h), gallium 66/68Ga (t;/,: 9.5 and 1.1 h), zirconium 89zr
(ty2: 78.4 h), and iodine 1241 (t;/»: 100.2 h). More recently, PET imaging with metal isotopes
has gained more popularity with significant amount of efforts devoted to the development of
new ligands with enhanced stability and improved pharmacokinetics [47]. It is worth to
point out that long-lived PET isotopes (e.g. 84Cu or 89Zr) are desirable for long-term
observation of vascular targets expression levels.

Cancer is a major public health problem world-wide. It causes approximately one in four
deaths in the United States in 2014 [48], with an estimated number of 1,665,540 new cases
in 2014. PET or SPECT imaging can offer unique opportunities for evaluating the processes
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that regulate the formation, progression, and therapeutic intervention of pathological
angiogenesis [17, 49], especially in cancer. In the following text of this review article, the
current progress in PET or SPECT imaging of different vascular targets will be discussed in
more details focusing on three diseases: cancer, cardiovascular diseases, and inflammation.

3.2 VEGF/VEGFR

The VEGF/VEGFR signaling pathway plays major role in both normal vasculature
development and disease transformation [19, 50]. The VEGF family is composed of seven
members with a common VEGF homology domain [18]. Among them, VEGF-A is a
homodimeric, disulfide-bound glycoprotein existing in multiple isoforms, e.g. VEGF1,1 and
VEGF1g5, which also differ in their biological characters. The angiogenic functions of
VEGF are primarily achieved by interactions with two endothelium-specific receptor
tyrosine kinases, VEGFR-1 (FIt-1/FLT-1) and VEGFR-2 (FIk-1/KDR) [51]. VEGFR-1 is
critical for mediating physiologic and developmental angiogenesis while VEGFR-2 is
primarily involved in the mitogenic, angiogenic, and permeability-changing activities caused
by VEGF. Based on extensive studies on these molecules, it was confirmed that over-
expressed VEGF/VEGFR is a validated therapeutic target for multiple abnormalities. Thus,
VEGF-/VEGFR-targeted molecular imaging can be used for studying the efficacy of anti-
angiogenic therapeutics, improving cancer patient management, and clarifying the
complexity of VEGF/VEGFR signaling during cancer progression/intervention [52].

VEGF/VEGFR imaging can provide invaluable insights for cancer, cardiovascular diseases,
or inflammation. Molecular imaging of VEGF/VEGFR has been reported in extensive
reviews [39-41, 52-54], and will not be the main focus of current review. Three categories
of PET or SPECT agents for imaging of VEGF/VEGFR will be briefly summarized here.

Radiolabeled isoforms of VEGF, including VEGF121 [55-58], VEGF145 [59, 60], or single
chain VEGF (scVEGF) [61, 62], belong to the first category. Since VEGFs are
comparatively small proteins, random radiolabeling of them usually significantly reduces or
eliminates the receptor binding affinity. There are two strategies which can minimize this
affinity loss: site-specific labeling (e.g. introduction of a cysteine tag to react with specific
radiolabeling reagent) [61], and the insertion of a protective sequence (e.g. introduction of a
poly-lysine sequence at non-receptor-binding region to minimize the disruption of a crucial
lysine for binding) [57].

The second category involves radiolabeled antibody or antibody fragments [63—69]. To the
best of our knowledge, only VEGF-targeted antibody or antibody fragments were studied for
imaging. In 2004, a humanized monoclonal antibody (mAb) against VEGF-A, named
bevacizumab, was approved by the US food and drug administration (FDA) for the
treatment of metastatic colorectal cancer in combination with 5-fluorouracil [70].
Radiolabeled bevacizumab PET was demonstrated to be capable of detecting the VEGF-A
expression levels [68, 69, 71]. However, the uptake of radiolabeled bevacizumab in primary
tumors was relatively low. In one study, 89Zr-labeled bevacizumab failed to detect the breast
tumor with 10 mm diameter despite up-regulated VEGF-A expression [68]. Adopting
radiolabeled bevacizumab for VEGF imaging initially faced skepticism due to the high
mobility and fast break-down of VEGFs in vivo. Further investigation revealed that the
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tumor uptake from radiolabeled bevacizumab was a result of its interaction with VEGF 45
and VEGFgg isoforms on the cell surface and/or the ECM [72]. To date no strict correlation
has been established between the tumor uptakes from the antibody and expression of VEGF-
A. Radiolabeled ranibizumab (Fab fragment of bevacizumab) was used for monitoring
VEGF expression level in anti-angiogenic treatment of cancer [73]. Rapid blood clearance
of radiolabeled ranibizumab and VEGF-driven tissue uptake resulted in faster peak of
lesion-to-background ratios that enable prompt follow-up compared with radiolabeled
bevacizumab.

The third category is radiolabeled VEGFR inhibitors [74-76]. Radiolabeled protein inhibitor
of VEGFR (e.g. aflibercept) [76] and several small-molecule tyrosine kinase inhibitors
(TKIS) [74, 75, 77] were used in different studies to detect VEGF/VEGFR related
angiogenic process. Compared with VEGF isoforms or antibody (and its fragments), most of
the radiolabeled TKIs are more hydrophaobic resulting in low tumor uptake and high non-
specific uptake in normal tissues.

Imaging VEGF and VEGFR expressions are critical for accurate diagnosis and efficacy
monitoring of a given angiogenic treatment. Despite the success of radiolabeled
bevacizumab (or ranibizumab) in the detection of different diseases [68, 69, 78], more rigid
correlation between lesion uptake and VEGF/VEGFR expression level should be established
in the future to confirm the applicability of these radiotracers in monitoring therapeutic
response. Meanwhile, chemical modification or library screening should be carried out in
existing VEGFR inhibitors to improve their in vivo pharmacokinetics and receptor-targeting
efficiency. The low synthesis cost and fast pharmacokinetics (which can lead to rapid peak
of lesion-to-background ratio) of these inhibitors can make them potentially useful for PET
or SPECT imaging of VEGF/VEGFR. Lastly, development of VEGFR type-specific
imaging agents which possess minimal cross-reaction may also provide the researchers
invaluable insights into the understanding of pathological angiogenesis. For instance,
mutated-VEGF1,; (VEGFpgg) which exhibited high specificity for VEGFR-2 may be
promising for potential translation to clinical studies [79].

Integrins are cell adhesion receptors possessing active interactions with a number of factors
including ECM proteins, immunoglobulin, growth factors, cytokines, and multiple
proteases. With the composition of noncovalently associated a- and B-subunits [80], twenty-
four different heterodimers of integrin were identified from 18 a-subunits and 8 $-subunits
[21]. Most integrins recognize their specific ECM proteins via the binding with small
peptide motifs including Arg-Gly-Asp (RGD), Glu-lle-Leu-Asp-Val (EILDV), and Arg-
Glu-Asp-Val (REDV). Due to the critical role of integrins in angiogenesis, they serve as
valuable targets for diagnosis/therapy of different diseases, not limited to cancer.

3.3.1 Integrin a,B3—As an important player in angiogenesis, integrin a3 is expressed
on both tumor-surrounding ECs and certain tumor cells with minimal presence in normal
tissues [81]. Over-expression of integrin a3 is associated with aggressiveness and
metastasis rate of multiple types of cancer as well as their responses to therapies [82]. As
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well-accepted ligands for integrin a,f3, RGD peptides were actively adopted for delivering
anti-cancer drugs or contrast agents for cancer therapy or diagnosis. Due to the space
limitation of this review and many existing comprehensive review articles in the literature
by many research groups, we will not elaborate PET or SPECT imaging of integrin a3 and
the interested readers can refer to references [17, 39, 41, 52, 81] for detailed information.

3.3.2 Integrin a4B; (VLA-4)—Another class of integrins that have investigated for
imaging applications is integrin 4 clusters, also named the very late antigen (VLA) owing
to their late appearance after activation. Integrin a4, also known as CD29 or VLA-4, is a
transmembrane cell adhesion heterodimer primarily present on lymphocyte, monocyte and
eosinophil. Cumulative evidences also suggest that VLA-4 is a critical factor participating in
tumor growth, angiogenesis, and metastasis [83], therefore it can be used as a promising
target for diagnosis and therapy of lymphoid malignancies.

One compound named N-[[4-[[[(2-ethylphenyl)amino]carbonyl]lamino]phenyl] acetyl]-
N(epsilon)-6-[(2E)-1-o0x0-3-(3-pyridinyl-2-propenyl)]-I-lysyl-1-2-aminohexanedioyl-(1-
amino-1-cyclohexane)carboxamide (LLP2A) was extensively studied for PET or SPECT
imaging of VLA-4. LLP2A is a peptidomimetic ligand with high affinity and specificity
(ICs = 2 pM) for VLA-4. Starting from 2009, LLP2A derivatives, such as DOTA-LLP2A
(DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), DOTA-LLP2A-PEG
(PEG: polyethylene glycol), and CB-TE2A-LLP2A (CB-TE2A: 4,11-
bis(carboxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane) were designed, synthesized,
and radiolabeled with 111In or $4Cu for whole-body autoradiography or small-animal PET in
VLA-4 positive Raji B-cell lymphoma xenografts [84]. High tumor uptake was observed
with radiolabeled DOTA-LLP2A and DOTA-LLP2A-PEG. Interestingly, tetravalent
(DOTA-LLP2A)4-PEG did not show higher tumor uptake than the monovalent DOTA.-
LLP2A or DOTA-LLP2A-PEG and led to higher liver, marrow, and kidney uptake

instead. $4Cu-CB-TE2A-LLP2A demonstrated obvious spleen uptake but little accumulation
in kidney and liver (Figure 1a).

Subsequently, 54Cu-CB-TE2A-LLP2A was used in another study to detect bone marrow-
derived (BMD) cells which serves as an indicator of “premetastatic niche” formation before
the metastatic cascade [85]. Binding validation of 84Cu-CB-TE2A-LLP2A to VLA-4 was
carried out in human melanoma B16F10 (VLA-4") and triple-negative breast cancer MDA-
MB-231 (VLA-4"). High uptake of 4Cu-CB-TE2A-LLP2A was observed in the VLA-4-
rich organs (e.g. the marrow, spleen, and the VLA-4-positive tumors). In nude mice
implanted with firefly luciferase transfected MDA-MB-231, an induction of VLA-4-positive
BMD cells was observed in the leg bone of mouse and corresponded to metastasis.
Histological and flow cytometric analysis confirmed the up-regulation of VLA-4-positive
cell populations (i.e. BMD cells) in the metastatic spots. Imaging of BMD is typically
challenging due to the presence of adjunct a4-positive normal bone marrow cells, which
accounted for the background uptake of $4Cu-CB-TE2A-LLP2A. This study provided
important information for non-invasive imaging of potential cancer metastasis origin.

To boost the VLA-4 targeting efficacy of LLP2A and optimize its in vivo kinetics, a cross-
bridged macrocyclic compound with a methane phosphonic acid pendant arm (named CB-
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TE1A1P) was conjugated to LLP2A [86]. CB-TELA1P-LLP2A can react with 84Cu under
mild conditions to produce stable radiolabeled compound with high specific activity, while
high temperature is required for efficient radiolabeling using CB-TE2A. The resulting $4Cu-
CB-TE1A1P-LLP2A gave over three-fold enhancement in tumor uptake, less renal
retention, and higher tumor-to-blood and tumor-to-muscle ratios when compared to 54Cu-
CB-TE2A-LLP2A. 84Cu-CB-TE1A1P-LLP2A also possessed improved detection efficiency
of VLA-4 from the pre-metastatic niche. The same compound was used to detect and stage
multiple myeloma (MM) in another study [87]. The over-expression of VLA-4 on MM cells
is among the critical events during their adhesion to the bone marrow which incurs MM cell
trafficking and their drug resistance. VLA-4 specificity of 4Cu-CB-TE1A1P-LLP2A was
validated in a VLA-4-positive 5TGM1 and other the VLA-4 rich organs. Blocking study
was also successfully carried out to confirm VLA-4 specificity of 64Cu-CB-TE1A1P-
LLP2A.

A wide array of imaging techniques have been used to explore the function and regulation of
integrins [88, 89]. Among all the imaging agents, many RGD-based PET or SPECT agents
have entered clinical investigation [89, 90]. The promising results to date have established
integrins as important targets for disease diagnosis, drug delivery and therapeutic
interventions. For the integrin-targeted imaging agents, it is important to carefully tune their
pharmacokinetics, toxicity, and lesion specificity/selectivity in preclinical models and
translational studies before future regulatory approval can be achieved.

CD105 (also known as endoglin) is considered as one of the most reliable markers for EC
proliferation, and it is over-expressed on most of tumor neovasculature [91, 92]. CD105 is a
disulphide-linked homodimeric transmembrane protein (MW: 180 kDa). Cellular and tissue
distribution of CD105 demonstrated its profound roles in angiogenesis, vascular
development, and homeostasis [93]. CD105 is a critical protein in the development of
cardiovascular system due to its exclusive expression on vascular endothelia of human
embryos at 4-8 weeks post-pregnancy, with the transient up-regulation during heart
septation and heart valve formation. A disrupted expression pattern of CD105 was reported
to result in human fetuses with cardiac defects [93].

The biological functions of CD105 are usually achieved via the interaction with the
transforming growth factor-f§ (TGF-f) receptor complex, with the modulation by TGF-j3
[94]. Microvessel density (MVD) identification from CD105 and CD31 immunohistology
can serve as an independent prognostic factor for patient survival in almost all solid tumor
types, and it is a currently well-accepted standard procedure for quantifying tumor
angiogenesis [95, 96]. The selective over-expression of CD105 on actively proliferating ECs
is not observed in quiescent ECs [91, 93, 97]. In addition, its expression abundance (up to 3
million copies per cell) is significantly higher than most of other angiogenesis-related targets
(e.g. VEGFR, less than 0.2 million copies per cell) [92, 98, 99]. The aforementioned facts
establish CD105 as an optimal target for the imaging of tumor vasculature.
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3.4.1 CD105-targeted antibodies—An anti-CD105 mAb, MAEND3, was used in
immunohistological study more than a decade ago to reveal the distribution pattern of
CD105 in melanoma, and the staining results were consistent with the binding studies

of 125]-labeled TGF-B1 in melanoma cells with varied expression levels of CD105 [100]. In
vivo targeting of CD105 was further carried out in a subcutaneous MCF-7 human breast
cancer model utilizing two 12°|-labeled anti-CD105 mAb (i.e. SN6f and SN6j) [101].
Significant tumor growth suppression was witnessed in a systemic therapy with both 125]-
SN6f and 125]-SN6j, whereas 12°1-labeled isotype-matched control IgG did not exhibit any
anti-tumor efficacy in the same study. This is a pioneer study in targeting CD105 for anti-
angiogenic therapy, although later studies demonstrated that MCF-7 tumor cells themselves
are CD105-negative (i.e. exclusive CD105 expression on the tumor vasculature) [102, 103].

The first SPECT imaging study of CD105 was carried out in a melanoma model

[104]. 111In-labeled anti-CD105 mAb MJ7/18 effectively homed to allografts of melanoma
in C57BL/6 mice after intravenous administration. The tumor contrast based on
autoradiography was modest and subsequent histological examination confirmed that the
mAb was accumulated in the periphery of the tumor mass with highest vessel density. In
contrast, background level of tumor uptake was observed in mice injected with 111In-labeled
control mAb. In another study, imaging was carried out in a spontaneous canine mammary
carcinoma model using 1251-labeled MAEND3 [105]. The results from this study confirmed
that targeting of CD105 is a viable strategy for tumor imaging in different tumor histotypes.
The 125]-labeled MAEND3 successfully delineated mammary adenocarcinomas after
intravenous injection. The tumor uptake of the mAb was rapid and prominent, without
observable systemic side effects in animals up to 3 month after injection of the tracer. A few
years after these preclinical studies, a 9MTc-labeled anti-CD105 mAb (E9) was used for
perfusion in freshly excised kidneys from renal carcinoma patients [106]. Radioactivity
distribution pattern consistent with the tumor locations (identified by both MRI and
histology) was observed by immunoscintigraphy. The radioactivity uptake in tumors was
more than 10 folds higher than the corresponding normal kidneys. Moreover, °™Tc¢-E9
demonstrated the capability of identifying tumors which were not discovered by MRI.

Starting from 2010, a CD105-targeted antibody named TRC105 (a human/murine chimeric
IgG1 derived from the parent antibody SN6j [107]), with a very high avidity for human
CD105 (Kp: 2 ng/mL), was used for PET imaging of CD105 in a variety of animal models.
A Phase | open-label study was completed recently to assess the safety, pharmacokinetics,
and anti-tumor efficacy in advanced solid tumor patients and multiple Phase 1l therapy trials
are planned or underway [108].

To collect information on its pharmacokinetics and tumor targeting capacity, TRC105 was
labeled with 84Cu for PET imaging of CD105 in a murine breast cancer model [102]. 84Cu-
DOTA-TRC105 was initially used and systematic validations were performed to confirm its
CD105 binding capacity and specificity. Flow cytometry and fluorescence microscopy
analysis suggested similar affinity to CD105 between TRC105 and DOTA-TRC105. PET
imaging demonstrated that the 4T1 tumor uptake of 84Cu-DOTA-TRC105 was fast,
prominent, persistent, and CD105-specific, resulting in excellent tumor contrast.
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One of the controlling factors to influence the accuracy of PET imaging with radiometal-
labeled mAb is that the tracer should maintain sufficient stability in biological system during
the imaging period, since PET scanner detects the signal from radiometal rather than the
mAb itself. With the initial success of 84Cu-DOTA-TRC105, a number of strategies were
taken to optimize the in vivo distribution pattern of radiolabeled TRC105. Another
commercially available chelator, 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA), was
used in a follow-up study to modify TRC105 and the in vivo kinetics of %4Cu-NOTA-
TRC105 was compared with that of 84Cu-DOTA-TRC105 [103]. PET imaging along with
biodistribution studies validated the improved in vivo stability of 84Cu-NOTA-TRC105
over 84Cu-DOTA-TRC105, evidenced by significantly lower liver uptake but similar tumor
targeting efficiency. The superiority of NOTA over DOTA was confirmed in this study for
PET imaging with 84Cu-labeled TRC105. Subsequently, 56Ga was also used to label NOTA-
TRC105 because of the generally recognized excellent stability of 56Ga-NOTA compounds
[109]. Owing to the improved stability, more prominent blood radioactivity level and
comparable liver uptake than those from 64Cu-DOTA-TRC105 were observed with the
tumor uptake of $6Ga-NOTA-TRC105 being similar to that of $*Cu-DOTA-TRC105. Two
major limitations of using %6Ga is the comparatively higher positron energy (Emax: 4.15
MeV, leading to a longer positron range) than $4Cu (Emax: 0.656 MeV), and it has
spontaneous gammas. Both of the factors can affect the reconstruction and quantitation of
PET images, resulting in lower spatial resolution [110].

Recently, zirconium-89 (89Zr) has become a highly popular isotope for immunoPET, since
the physical half-life matches well with the time required for antibodies to achieve optimal
tumor-to-background ratio[111]. TRC105 was conjugated with desferrioxamine (Df, an
extensively investigated chelator for 89Zr), and subsequently labeled with 89Zr for in vivo
targeting of CD105 in the 4T1 tumor model (Figure 1b) [112]. Tumor uptake of 89Zr-Df-
TRC105 was higher than all normal organs starting from 24 h to 96 h post-injection (p.i.)
monitored by PET. The encouraging results from this study provided the basis for using
dual-labeled TRC105 (89Zr-Df-TRC105-800CW, 800CW indicates a near-infrared
fluorescent [NIRF] dye with emission peak at 800 nm) to detect both the subcutaneous
tumors and breast cancer lung metastasis [113, 114]. This dual-labeled TRC105 can enable
not only detection of primary tumor or small lung metastasis but also intraoperative
guidance for tumor resection. Similar results were also observed with $4Cu and 800CW
dual-labeled TRC105 [109, 115].

One limitation of radiolabeled intact antibodies lies in their prolonged circulation time [116],
hence it typically takes a couple of days after injection to reach optimal tumor-to-normal
tissue ratio. To overcome this limitation, antibody fragment-based PET tracers are employed
owing to their specific targeting and rapid blood clearance, allowing for future same day
immunoPET imaging in clinical settings. The representative examples are Fab and F(ab’),
fragments, which are produced by enzymatic digestion of mAb using papain and pepsin,
respectively. These fragments have comparable antigenic specificity as their parent
antibody, with better tumor penetration and faster blood clearance due to their smaller sizes
(ranging from ~50 kDa to ~100 kDa) than the parent antibody (typically ~150 kDa). The
characteristics of 84Cu-labeled TRC105-F(ab’), and TRC105-Fab for PET imaging of
CD105 were also investigated in the 4T1 cancer model [117, 118]. With the rapid blood
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clearance and tumor uptake of radiolabeled F(ab’), or Fab, 81Cu-labeling was also able to
provide sufficient tumor contrast at early time points. 61Cu has a higher $* branching ratio
(60% vs. 17%) and shorter decay half-life (3.4 h vs. 12.7 h) than 4Cu, which can bring
higher PET signal and lower radiation dosimetry to normal organs. The use of F(ab’), or Fab
fragment of TRC105 led to faster tumor accumulation (which peaked at as early as 3 h p.i.)
than radiolabeled TRC105 (which often peaked at or after 24 h p.i.) without significant
compromise of the absolute uptake of the tracer.

Tumor uptake values in all these abovementioned studies with TRC105 were relatively low
(< 15 %ID/g) for immunoPET largely due to two reasons. First, CD105-targeted antibodies
specifically recognize the tumor vasculature rather than the tumor cells. Significantly fewer
tumor vascular ECs (usually < 10%) were present when compared with tumor cells (the
usual targets of most antibodies). Second, the antibody affinity to murine CD105 is much
lower than its affinity to human CD105. Taken together these two facts, the tumor uptake of
~15 %ID/g for radiolabeled TRC105 in rodent models is rather remarkable, and it is likely
that radiolabeled TRC105 may perform much better in future clinical studies than what was
observed in preclinical tumor models.

3.4.2 CD105-targeted nanomaterials—Nanotechnology has high potentials for early
detection, accurate diagnosis, and personalized treatment of various diseases, especially
cancer [119]. Different nanomaterials with various unique properties have been used as
useful tools to study angiogenic events [41]. Due to the abundant expression of CD105 in
multiple types of cancer and its easy access (i.e. immediately accessible after intravenous
injection of nanomaterials), CD105-targeted nanomaterials do not need to go beyond the
vasculature to reach the target hence won’t be limited by extravasation, one of the major
hurdles facing by nanomaterial-based tumor targeting in vivo. CD105-targeted
nanomaterials are actively being studied and can be used for both imaging and drug delivery
simultaneously.

Graphene-based nanomaterials have attracted tremendous interests as biomedical vectors
due to their unique physical/chemical properties [120]. Recently, functionalized
nanographene oxides (GOs) with good CD105-specificity were developed and evaluated as
a nanoplatform for potential image-guided drug delivery [121, 122]. GO was covalently
linked to TRC105 and NOTA, and the product NOTA-GO-TRC105 was labeled with

either 84Cu [121] or %6Ga [122]. Radiolabeled GO conjugates demonstrated high tumor-
targeting efficiency in vivo measured by serial PET imaging, which was confirmed with
biodistribution/histological examinations. The enhanced uptake in 4T1 tumor was confirmed
to be specific for CD105 on the neovasculature, which warranted future investigation of
these GO conjugates for CD105-targeted drug delivery and/or photothermal therapy. To
further promote their therapeutic performance, functionalized reduced graphene oxide
(RGO) with superior photothermal absorbance [123] was adopted in a following study using
similar conjugation strategy [124]. Similar tumor uptake was observed using 84Cu-NOTA-
RGO-TRC105 and %4Cu-NOTA-GO-TRC105. These studies successfully demonstrated the
strategies of CD105-targeted delivery of grapheme nanomaterials which will be promising
theranostic agents for both imaging and therapeutic purposes.
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Other nanoplatforms used for CD105-targeting and imaging include unimolecular micelles
[125, 126] and mesoporous silica nanoparticles [127]. In two parallel studies, unimolecular
micelles were produced from dendritic amphiphilic block copolymers poly(amidoamine)-
poly(L-lactide)-b-poly(ethylene glycol) [125] or poly(2-hydroxyethyl methacrylate)
(PHEMA)-poly(l-lactide)-poly(ethylene glycol) [126] chemically modified with TRC105
and NOTA. Doxorubicin (DOX) was loaded into the hydrophobic core of these
unimolecular micelles via physical encapsulation. After $4Cu labeling, TRC105-conjugated
micelles exhibited much higher tumor uptake when compared to non-targeted micelles,
confirmed by PET imaging. With synergistically integrated passive and active tumor-
targeting capacities, these theranostic unimolecular micelles demonstrated pH-controllable
drug release and PET imaging capabilities. By using a similar conjugation scheme, CD105-
targeted mesoporous silica nanoparticles (MSN) were generated [127]. Increased tumor
uptake of MSN and enhanced delivery of DOX to tumor were observed in 4T1 tumor-
bearing mice revealed by PET and fluorescence imaging, respectively, indicating their high
potentials for image-guided drug delivery for cancer therapy.

All the above-mentioned findings suggest that CD105-targeted PET or SPECT imaging of
solid malignancies is a promising, safe, and universally applicable procedure [128]. Even
though variable levels of CD105 expression can be found on the microvasculature of normal
tissues, which is likely orders of magnitude lower than those on actively proliferating ECs
[92, 97], the previously achieved encouraging results established the critical role of CD105
in cancer diagnosis and treatment.

MMPs are a cluster of peptidases that can promote the degradation of the ECM [4]. ECM
remodeling by MMPs is important in various physiological and pathological scenarios,
ranging from organ formation/regeneration, angiogenesis, or inflammation, to tumor
progression [3, 129-131]. Dysregulation of MMP activity can lead to different diseases
including atherosclerosis, inflammation, and cancer [132].

Non-invasive PET or SPECT imaging of MMP activity in vivo can be achieved by either
radiolabeled synthetic inhibitors or MMP-specific peptides [133, 134], which allows the
characterization of atherosclerotic plaques, inflammatory lesions or tumors. An overview of
radiolabeled MMP inhibitors (MMPIs) or MMP peptides for PET OR SPECT imaging of
proteolytic activity of MMPs can be found in references [132-134]. Currently, PET or
SPECT imaging of MMPs is still at a preliminary stage and no related clinical study has
been reported yet. Compared with blooming studies in fluorescence imaging of MMPs
[135], PET or SPECT imaging of MMPs enabled the researchers to observe the MMP
distribution or activation in deeper tissues, but usually resulted in lower target-to-
background ratio. In order to improve the PET or SPECT tracers for imaging of MMP,
chemical modification of existing MMPIs to decrease the non-specific binding or using anti-
MMP antibodies could be alternative strategies.
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3.6 Tenascin-C (TNC)

TNC is a hexameric extracellular glycoprotein expressed upon tissue injury specifically and
transiently [136, 137]. Four distinct domains constitute TNC which include an assembly
domain, epidermal growth factor-like motifs, fibronectin I11-like repeats, and a fibrinogen-
resembled structure [137]. Among the tenascin family, the expression pattern of TNC is
unique. TNC is undetectable in healthy adult tissues while many studies confirmed a vital
role of TNC in cardiac and arterial injury, tumor angiogenesis/metastasis, and stem cell
behavior modulation [136].

PET or SPECT imaging of TNC dated back to the 1990s. The primary candidate for PET or
SPECT imaging of TNC in cancer is 81C6, a mAb recognizing TNC on gliomas and other
tumors [138-141]. In one study, 1231-labeled 81C6 at various doses were used to optimize
tumor-to-normal tissue uptake ratio [138]. With the antibody doses ranging from 10 to 100
mg, the distribution of 123|-labeled 81C6 was explored in 16 glioma patients. All tumors
were visualized readily by SPECT corresponding to abnormalities from anatomic imaging.
Radiation dosimetry calculations found that ~19 Gy of radiation can be delivered to
intracranial glioma by injection of 300 mCi of 123]-81C6 with acceptable normal tissue
radiation exposure. Combined with possible external beam, 1231-81C6 injection could be
useful for radiation therapy of glioma.

Another study was performed to assess the dosimetry of 1311-81C6 in brain tumor patients
from direct antibody injections into surgically created resection cavities (SCRCs) [139]. The
average retention time of 131]-81C6 in the SCRC was 111 h (65-200 h), with the estimated
brain absorbed dose being 6.5 Gy. No neurological toxicity and hematologic toxicity was
observed at the maximum tolerated dose. Subsequently, the same research group evaluated
dose-response relationships in newly diagnosed brain tumor patients treated with 1311-81C6
into SCRCs accompanied with external-beam radiotherapy and chemotherapy [140]. A
preferential distribution of 1311-81C6 through regions of vasogenic edema was observed by
MRI/SPECT (Figure 1c). This study confirmed that 1311-81C6 increases the median survival
of brain tumor patients. Further clinical studies are warranted to determine the effectiveness
of 1311-81C6 in radiation therapy of brain tumors.

Due to the effectiveness of 81C6, human-murine chimeric 81C6 (ch81C6) was further
developed and used for the treatment of brain tumor, which was combined with a novel
technique named convection-enhanced delivery (CED) [141]. CED can be adopted to
transfer agents to the brain parenchyma for the treatment of different brain lesions. The
purpose of this study was to determine the efficiency from CED to deliver a larger dose of a
radiolabeled mAb compared with a bolus injection. Recurrent glioblastoma multiforme
(GBM) patients with positive staining in TNC histological analysis were randomized for an
intratumoral injection of 123]-Ch81C6. The results from this study demonstrated that CED
did not provide a significant increase in the volume of distribution for the relatively small
injected volumes. Due to the high avidity of 81C6 for TNC, Astatine-211 (21At, t;: 7.2 h)
or 131|-labeled 81C6 was successfully adopted for the treatment of primary or metastatic
brain tumors (NCT00003461, NCT00002753, and NCT00003478 from clinicaltrials.gov)
and the results seemed to be quite promising.
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Other TNC-targeting antibodies were also adopted for PET or SPECT imaging of TNC in
different cancer models. In one study, a phosphonated acyclic bifunctional chelate was
developed and used for the labeling of a mouse mAb (B28-13) for TNC [142]. The labeled
antibody maintained the affinity for TNC and possessed high potential for future PET or
SPECT imaging and radiotherapy. Another microdosing Phase O clinical study was
conducted to obtain initial information about pharmacokinetics, biodistribution, and specific
tumor targeting of the anti-TNC mini antibody F16SIP (SIP stands for small
immunoprotein) [143]. ImmunoPET scans were carried out after injection of 1241-F16SIP
into patients with head and neck squamous cell carcinoma. 1241-F16SIP was well tolerated
with visible uptake primarily in the liver, spleen, kidneys, and bone marrow which
diminished over time. All 4 tumors were visible on 24 h PET images with a good tumor-to-
blood ratio of 7.7 + 1.7 at the time of surgery. Pharmacokinetic analysis revealed good
bioavailability of 1241-F16SIP. The results of this study justify further clinical exploration of
F16SIP-based therapies, and the effectiveness was confirmed by a recent study using 1311-
F16SIP for radioimmunotherapy (RIT) of Hodgkin’s lymphoma [144].

Other TNC-targeted molecules such as aptamers were also used for SPECT imaging of TNC
[145]. Aptamers are small oligonucleotides screened to bind specifically to a target molecule
with high affinity [146]. The aptamer targeting TNC (named TTAL) was prepared

and 9¥MTc-labeled TTA1 displayed fast blood clearance, rapid tumor penetration, and
persistent tumor retention in various solid tumors [145]. As synthetic molecules, aptamers
can be readily modified site-specifically. Subsequently, TTA1 was used in another study to
generate a multifunctional nanoparticle which can simultaneously detect nucleolin, integrin
ayPs and TNC [147]. Compared with targeting of single receptor, this 58Ga-labeled tri-
targeting nanoparticle demonstrated enhanced signal intensity in various cancer types. This
nanoparticle could be useful as a broadly applicable probe for the diagnosis of different
cancers.

3.7 Eph receptors

Ephrin (Eph) receptors are the largest superfamily of receptor tyrosine kinases [148]. Eph
receptor - ephrin signaling is involved in various diseases, particularly in cancer growth and
progression [148]. Eph receptors orchestrate a large number of cell-cell interaction events,
including but not limited to angiogenesis, tissue development, and neoplastic transformation
[149, 150]. Based on the structure features and ephrin binding preferences in human, nine
EphA and five EphB subtypes were identified, and they can interact with five type A ephrins
and three type B ephrins, respectively [151].

Among all these Eph receptors, the most frequently studied for PET and SPECT imaging
include EphA2 [152] and EphB4 [153-156]. EphA2 and EphB4 were reported to be
overexpressed in many human tumor tissues such as breast, colon, bladder, prostate, and
ovary [148]. Due to their critical functions and widespread expression in these cancer types,
Eph receptors-targeted therapies have become a cancer treatment strategy with increasing
popularity. Therefore, an efficient imaging modality, such as PET or SPECT, coupled with
suitably radiolabeled antibodies or peptides, will provide invaluable insights into the
optimization of EphA2- or EphB4-targeted therapies.
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To the best of our knowledge, there is only one PET imaging study of EphA2 receptor in the
literature [152]. A humanized mAb against EphA2 (named 1C1) was labeled with 4Cu and
used for PET imaging in eight tumor models with various EphA2 expression levels. $4Cu-
DOTA-1C1 retained superior EphA2 binding affinity/specificity and demonstrated highest
uptake in CT-26 tumor with the most abundant expression of EphA2, whereas $4Cu-labeled
isotype-matched 1gG exhibited background level of tumor uptake (Figure 1d). Excellent
linear correlation was corroborated between the tumor uptake from PET imaging and tumor
EphA2 expression level measured by Western blotting.

Peptide ligands were the most popular choices for PET or SPECT imaging of EphB4. In
2011, a %4Cu-labeled peptide, TNYLFSPNGPIARAW (TNYL-RAW), which possessed
high EphB4 binding affinity, was developed for PET imaging of EphB4 expression in
cancer [155]. Strong binding affinity to EphB4 was demonstrated by TNYL-RAW and its
derivatives, with a dissociation constant in nM range. Significantly higher uptake of 64Cu-
DOTA-TNYL-RAW was showed in PC-3M (EphB4*) and CT-26 (EphB4*) tumors
compared with A549 (EphB4~) tumors. Furthermore, blocking experiments by excess
amount of TNYL-RAW diminished the uptake of 4Cu-DOTA-TNYL-RAW in both CT-26
and PC-3M tumors, confirming its specificity for EphB4. More recently, dual-labeled
TNYL-RAW with both 84Cu and a NIRF dye Cy5.5 was adopted for PET/CT and optical
imaging of orthotopic brain tumors in mice [153]. EphB4-specific uptake of the dual-labeled
TNYL-RAW peptide was corroborated in both orthotopic U251 (EphB4™) and U87 tumors
(EphB47). Detailed histological examination revealed that the distribution of this peptide
was in both tumor blood vessels and tumor cells in U251 tumors, while it only appeared in
tumor blood vessels in U87 tumors.

The same peptide sequence was also adopted in the development of a micelle-based
nanoplatform for SPECT and NIRF imaging of EphB4 [156]. TNYL-RAW was chemically
attached to PEG-coated, core-crosslinked polymeric micelles (CCPM), which were dual-
labeled with fluorescent dye Cy7 and 111In. The selectivity of TNYL-RAW-CCPM to
EphB4 was confirmed in vitro by cellular assays in PC-3M (EphB4™) and A549 cells
(EphB47). PC-3M tumors were readily detected by both SPECT and NIRF after intravenous
administration of 111In-labeled TNYL-RAW-CCPM. In comparison, little signal was
observed in A549 tumors injected with the same micelles or in PC-3M tumors injected

with 111|n-labeled CCPM without TNYL-RAW as the targeting ligand. The EphB4
specificity of 111In-labeled TNYL-RAW-CCPM was further confirmed after co-injection
with TNYL-RAW peptide. Histological examination established the correlation between the
fluorescence signal and radioactivity from the nanoparticles and the EphB4 expression
pattern inside the tissue.

Antibodies for EphB4 can serve as another powerful tool for studying its function in tumor
angiogenesis. A series of 54Cu-labeled antibodies was developed and used for PET imaging
studies of EphB4 expression in tumors [154]. Anti-EphB4 antibodies (named hAb47 and
hAb131) were conjugated with DOTA through lysine (DOTA-Lys-hAb47), cysteine
(DOTA-Cys-hAb47), or oligosaccharide (DOTA-Sug-hAb47) on the antibody and DOTA-
human IgG (hlgG) without EphB4 binding capacity was used as a control in this study. PET
imaging with these probes was conducted in both HT29 and MDA-MB-231 xenografts.
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DOTA-Sug-hAb47 demonstrated the highest receptor binding activity in an EphB4 binding
assay but $4Cu-DOTA-Sug-hAb47 was trapped in the liver quickly in vivo. Both 64Cu-
DOTA-Lys-hAb47 and $4Cu-DOTA-Cys-hAb47 demonstrated prominent tumor
accumulation in HT29 xenografts, compared with low tumor accumulation from 84Cu-
DOTA-Lys-hlgG. 64Cu-DOTA-Lys-hAb131 was also found to specifically accumulate in
the MDA-MB-231 tumor.

Eph receptors and ephrins have been studied extensively to clarify their complex roles in
tumor development and progression, nerve injury and tissue regeneration, leading to
considerable novel strategies for targeted therapy, with some candidates already in clinical
trials [148, 150]. Targeted therapeutics, especially antibodies, ephrin fusion proteins, and
small-molecule inhibitors, are being developed to inhibit Eph receptor binding, activation,
and relevant signaling. Although Eph receptors are also implicated in a range of
neurodegenerative diseases, as well as in inflammatory diseases, strategies for therapeutic
targeting in these diseases are only emerging [148]. Imaging of Eph receptors in vivo could
therefore be valuable for the sensitive detection of lesions, prognostic evaluation or selection
of patients for clinical trials, more accurate treatment monitoring, and mechanism
elucidation in a specific treatment.

The proto-oncogene mesenchymal-epithelial transition factor (c-Met) encodes a receptor
tyrosine kinase also named hepatocyte growth factor receptor (HGFR), which can originate
genetic adjustments resulting in cell growth, cancer invasion and metastasis, and apoptosis
protection [157, 158]. It has also been reported that abnormal c-Met expression is more
frequently observed in metastases than in primary tumors and is relevant to clinical
prognosis [159]. All these findings make c-Met one of the most attractive targets for cancer
theranostics.

Developing a radiolabeled tracer to detect c-Met expression would be extremely helpful in
the diagnosis and response evaluation of c-Met targeted therapies. DN30 is an antibody that
binds to the extracellular portion of c-Met, leading to the retarded growth of tumor
xenografts and metastatic spread of cancer cells in mice [160]. With radiolabeled DN30,
researchers have demonstrated the potential of using PET imaging for determination of c-
Met expression profile in vivo [161]. Tumor targeting with 89Zr-Df-DN30 and 124]-DN30
has been reported in two tumor xenografts: GLT-16 (c-Met*) and FaDu (c-Met™) [161].
Elevated tumor uptake in GLT-16 was confirmed to correlate well with the high expression
levels of c-Met in tumors. Interestingly, 89Zr-Df-DN30 showed a significantly higher
GLT-16 tumor accumulation in comparison with 124|-labeled counterpart at all time points
examined, possibly due to the retention of 89Zr in cells. The successful assessment of in vivo
c-Met expression status shown in this study will benefit the selection of the right patient
population for DN30-based anti-c-Met therapy, as well as therapeutic response monitoring
in future clinical translational research.

In another study, 12°I-labeled c-Met-binding peptides (cMBPs) were used for SPECT
imaging of c-Met in US7MG (c-Met*) tumor bearing mice. cMBPs were confirmed to
possess more effective tumor targeting efficacy for U87MG than other receptor-binding
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ligands used in this study. The overall image quality of SPECT/CT was not optimal despite
that U87MG tumor xenografts could also be visualized [162]. Following this study, the same
group subsequently developed a 12I-labeled cMBP-click-cRGDyk heterodimer to
simultaneously target c-Met and integrin a, 3 in vivo [163]. However, cell binding
experiments suggested that the cMBP-click-cRGDyk heterodimer maintained only
comparable c-Met and integrin a3 binding affinities as its corresponding monomer, and no
enhanced tumor uptake in vivo was observed [163].

Other antibodies and nanobodies have also been used for targeting c-Met [164-167].
Onartuzumab (~99 kDa, Genentech; under Phase I-1l1 clinical trials) is a humanized
monovalent mAb against c-Met with potential anti-neoplastic activity. The antibody
possesses nanomolar affinity for c-Met and could prevent the interactions between c-Met
and hepatocyte growth factor (HGF, the natural ligand of c-Met), leading to the inhibition of
relevant signaling pathways [168].

In a recent study, onartuzumab was radiolabeled with 76Br or 89Zr for PET imaging of
tumor c-Met (Figure 1e) [164]. Although in vitro studies showed specific binding for

both 78Br-onartuzumab and 89Zr-Df-onartuzumab, in vivo results revealed that 89Zr-Df-
onartuzumab was advantageous with significantly higher MKN-45 tumor uptake. The c-Met
specificity of 89Zr-Df-onartuzumab was also confirmed by using the U87MG tumor model
(low c-Met expression level), where low tumor accumulation was observed. All these
indicated that 89Zr-Df-onartuzumab could become an effective immunoPET agent for future
patient selection, drug development, treatment monitoring, etc. upon clinical translation. In
another study, anti-c-Met nanobodies named 1E2-Alb8 and 6E10-Alb8 were labeled

with 89Zr to assess the c-Met expression in vivo [165], and specific tumor uptake

of 89Zr-1E2-AlIb8 was observed in c-Met positive tumors.

3.9 Extra domain B

Extra domain B (ED-B) is one isoform of fibronectin, and has been known as an important
angiogenic marker that is synthesized, secreted, and deposited to the ECM structures from
different cell types, including ECs of newly formed blood vessels, myofibroblasts, and, most
notably, tumor cells [169, 170]. High levels of ED-B expression have also been detected in
both primary tumors and metastatic lesions [171]. In stark contrast, ED-B is almost
undetectable in normal tissues, except in tissues undergoing physiological modelling (e.g.
endometrium and ovary) or wound healing [172]. All these findings have established ED-B
as an attractive target for non-invasive tumor detection and monitoring/predicting the
outcome of anti-angiogenic therapies.

Isolated from a phage display library, L19 is a single-chain antibody fragment (scFv)
specifically targeting ED-B [173]. Other L19-based immunoconjugates were also
constructed, including a dimeric scFv [(scFv),], a human bivalent SIP (~80 kDa), and a
complete human 1gG1 [174]. Radioiodines are the most commonly used isotopes to label
L19 or its derivatives for ED-B imaging. During the last few years, 123] [171], 124|
[175], 1251 [174, 176], and 1311 [177] labeled L19-SIPs have been reported.
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In one of these studies, the suitability of 1241-L19-SIP for detection of early-stage tumor
angiogenesis was confirmed, which could be used as a scouting procedure before the
adoption of 1311-L19-SIP RIT [175]. Significant uptake of 1241-L19-SIP in tumor was found
in the FaDu xenograft and the uptake peaked at 6 h p.i. (Figure 1f). 1241-L19-SIP delineated
tumors in a scale of 50 mm3 and showed no obvious uptake in other organs, paving the way
for clinical RIT trials of 1311-L19-SIP [177, 178].

Besides radioiodine-labeled L19, 9™Tc and 76Br are the other isotopes used for generating
ED-B targeting tracers [179, 180]. In one study, recombinant and chemically modified
derivatives of the scFv L19 were radiolabeled with 99MTc to form 99MTc-AP39, 99MT¢-19-
His, and 9MTc-L19-Hi20 [179]. In comparison with 9¥MTc-L19-His and 9°™Tc-L19-

Hi20, 9¥MTc-AP39 showed more prominent and faster tumor uptake, more rapid blood
clearance and renal excretion, and higher signal-to-noise ratios in vivo. In another study, fast
and specific in vivo targeting of 76Br-L19-SIP was obtained in F9 tumors with slow renal
clearance and persistent blood radioactivity [180]. Partial debromination from "6Br-L19-SIP
was confirmed in a metabolism study [180]. The specific accumulation of 76Br-L19-SIP in
vivo suggests ED-B fibronectin can be an invaluable target for tumor detection by PET.

3.10 VCAM-1

VCAM-1 belongs to the VLA-4 binding immunoglobulin family [181]. It is expressed on
activated endothelial or mesothelial cells and plays an important role in the regulation of
leukocyte attachment and extravasation during inflammation [182]. The up-regulation of
VCAM-1 was observed in different diseases such as severe inflammation [183],
atherosclerosis [184], asthma [185], and different types of cancer [186, 187]. Owing to the
active participation of VCAM-1 in various diseases, VCAM-1 targeted therapeutic
intervention or diagnostic strategies have been extensively investigated.

Tetrameric VCAM-1 targeted peptides were fabricated to monitor the tumor response to
platinum-based chemotherapy [188]. This study demonstrated a potential role for VCAM-1
to monitor ovarian cancer peritoneal metastasis and tumor responsiveness to platinum-based
chemotherapy. The acquired observations supported the utility of VCAM-1 imaging probes
to monitor treatment response in ovarian cancer patients, thus providing the potential to
improve patient management. In addition to indicating early metastasis, the ability to detect
maximal mesothelial VCAM-1 expression with microscopic tumor burden also has
implications for monitoring ovarian cancer patients for recurrence.

3.11 Other vascular targets

PET or SPECT imaging of the above-mentioned major vascular targets can provide
invaluable information for diagnosis and treatment monitoring for different types of cancer.
Aside from these, several other vascular targets are also important, including the platelet-
derived growth factor receptor (PDGFR) [189] and tumor endothelial marker-8 (TEM-8)
[190]. However, only a few PET or SPECT imaging studies were carried out for these
targets.

The expression levels of PDGFRs correlate with tumor development, invasiveness, and drug
resistance, thus posing great influences on clinical prognosis of tumors [189]. Further

Adv Drug Deliv Rev. Author manuscript; available in PMC 2015 September 30.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hong et al.

Page 19

knowledge of PDGFR-mediated molecular signaling may provide new insights into the
optimization of current cancer therapies and the development of future novel therapeutic
regimen. In one study, a fluorinated derivative of PDGFR inhibitor dasatinib (named F-
SK1249380) was used for PET imaging to evaluate its delivery and uptake in a high-grade
glioma [191]. PDGFR expression level was non-invasively evaluated in vivo using 18F-
SK1249380 as well as 18F-SK1249380-containing micellar and liposomal nanoformulations,
and apparently higher tumor uptake was observed for the latter. Saturation studies using
excess amount of dasatinib resulted in remarkable decrease of tumor uptake, confirming in
vivo binding specificity. This 18F-SK1249380-containing micelle may facilitate treatment
plans in the future for cancer patients undergoing PDGFR inhibitor therapies.

TEM-8, also named anthrax toxin receptor 1, is a cell surface anthrax toxin receptor [192].
TEM-8 is reported to be selectively over-expressed on both tumor endothelial and cancer
cells [190]. Since TEM-8 antagonists and TEM-8-targeted delivery of toxins have been
developed as effective anti-cancer strategies, the ability to detect TEM-8 expression
fluctuation would be useful for assessing TEM-8-targeted therapies. One example is a 13-
meric peptide, KYNDRLPLYISNP (i.e. QQM), identified from the domain IV in protective
antigen of anthrax toxin. This QQM peptide was labeled with 18F for PET imaging in both
UM-SCC1 (TEM-8") and MDA-MB-435 (TEM-8~) cancer models [193]. 18F-FP-QQM
showed significantly higher accumulation in UM-SCC1 tumors than MDA-MB-435 tumors.
This peptide-based tracer is suggested to be a promising lead compound for determination of
TEM-8 expression. Further studies to optimize the affinity, specificity and metabolic
stability of the tracer are warranted.

4. PET or SPECT imaging of vascular targets in cardiovascular diseases

(CVD)

4.1 CD105

Cardiovascular diseases cause significant morbidity and mortality world-wide. Even though
efficient treatments have been developed for specific patient groups, significant amount of
cardiovascular diseases are still challenging to treat especially in elderly patients [194]. The
maturation of PET or SPECT imaging for different vascular targets will yield new insights
into the pathophysiological changes underlying these cardiovascular diseases, which will be
discussed below.

Recently, radiolabeled TRC105 (i.e. 84Cu-NOTA-TRC105) was used to detect CD105
expression in a murine hindlimb ischemia (HI) model [195, 196], or a rat myocardial
infarction (MI) model [197]. It was found that ischemia-induced angiogenesis could be
monitored non-invasively with 84Cu-NOTA-TRC105 PET, which showed the highest
uptake on day 3 after induction of ischemia (Figure 2a). Blocking studies further confirmed
the CD105 specificity of tracer uptake in the ischemic sites [195]. In a subsequent study, we
also demonstrated the capability of 4Cu-NOTA-TRC105 in imaging the CD105 expression
in a M1 model (Figure 2b) [197]. Considering the major challenges in non-invasively
assessing ischemia-induced angiogenesis as well as the efficacy of pro-angiogenesis
treatment, we believe these two studies will inspire more researchers to use angiogenesis-
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targeted agents for identifying the optimal timing of treatment and monitoring the efficacy
of therapy in the future.

4.2 Tenascin-C

Due to the vital role of TNC in cardiac and arterial injury, radiolabeled anti-TNC antibodies
were chosen for detection of cardiac or arterial diseases such as autoimmune myocarditis
[198], MI [199], or cardiac repair after acute MI [200]. Due to the invasiveness and inferior
sensitivity of biopsy test in myocarditis diagnosis, a new diagnostic technique was
developed in 2002 for the early detection of myocarditis using TNC as a molecular marker
[198]. In this study, 111In-labeled anti-TNC mAb Fab fragment was injected into a rat model
of experimental autoimmune myocarditis (EAM), monitored by SPECT for its in vivo
biodistribution. Rapid blood clearance was observed and the elevated uptake of 111In anti-
TNC Fab was clearly demonstrated at locations which did not have significant uptake

of 99MTc-methoxyisobutyl isonitrile (MIBI, a commonly used tracer for myocardial
perfusion imaging [201]) (Figure 2c).

Enhanced TNC expression was also observed during the cardiac recovery after MI, which
prompted another research group to develop a radiolabeled scFv against TNC for in vivo
imaging of MI [199]. The scFv for TNC (named 4F10) was expressed in E. coli and had nM
binding affinity. Site-specific 111In labeling was achieved via introduction of a chelating
group onto a cysteine residue. After administering of 111In-4F10 into a rat model of acute
M, significantly radioactivity accumulation was observed at the infarcted myocardium than
the non-infarcted. Following similar strategy, cardiac repair evaluation was carried out at the
early stage of left ventricular remodeling using an 111In-anti-TNC-Fab, generated from a
mAb for TNC [200]. Autoradiography and dual-isotope SPECT were performed with

both 111In-anti-TNC-Fab and 99MTc-MIBI. SPECT imaging confirmed that the regional
myocardial uptake of 111In-anti-TNC-Fab was complementary to the perfusion pattern from
MIBI. The results indicated that localization of the infarcted region can be detected by 111In-
anti-TNC-Fab, suggesting its potential use for cardiac repair detection.

Targeting/imaging of TNC in different diseases offers two major advantages: 1) TNC is
found to express primarily in damaged tissues, vascular diseases, and a majority of
malignant solid tumors [202], which may lead to high specificity for disease detection; 2) it
can provide insight on not only injury but also repair of the diseases [199].

4.3 P-selectin

Selectins are a protein family composed of CaZ*-dependent carbohydrate binding proteins
which are critical for leukocyte recruitment in the inflammatory process [203]. Blocking of
selectins is therefore considered a promising approach to treat acute or chronic inflammatory
diseases. Depending on the site of expression, they can be classified into E-selectin
(activated endothelium), P-selectin (platelets and ECs), and L-selectin (lymphocytes) [204].

P-selectin has been well characterized and demonstrated as a potential target for thrombus
diagnosis and therapy [205, 206]. P-selectin is usually involved in inflammatory disorders
(e.g. acute lung injury, psoriasis, and rheumatoid arthritis) but it also participates in
hemostasis and metastasis of tumor cells [207]. Furthermore, high expression level of P-
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selectin is relevant to the pathological transformation of arterial thrombus and EC activation
after a transient ischemia, making it an attractive target in various cardiovascular diseases.
Recently, much effort has been devoted to the development of imaging agents that target P-
selectin [206, 208, 209].

In one study, the light chain (LC) of SZ-51 (a mouse mAb against human P-selectin [210])
was expressed in P. pastoris [206]. SZ-LC was shown to bind activated platelet specifically.
Using 9°™Tc-MAG3-SZ-LC, the fresh thrombus induced in dog was clearly visualized via
SPECT (Figure 2d), indicating that radiolabeled SZ-L.C could become a promising new
tracer for specific imaging of thrombus [206]. The difference of in vitro and in vivo binding
affinity between intact SZ-51 antibody and SZ-LC, however, were not provided in the
report. Accurate diagnosis of acute pulmonary injury remains a major challenge, which
could not be achieved without significant improvement in imaging techniques or the
development of appropriate imaging agents. Besides imaging thrombus in vivo, in another
study, 9¥MTc-SZ-51-(Fab’), was generated for the detection of pulmonary embolism by
SPECT [209].

99mTc-labeled fucoidan (a polysaccharidic ligand of P-selectin with nM affinity and very
low non-specific binding [211]) was developed for the detection of P-selectin expression in
two clinically relevant experimental models (i.e. platelet rich arterial thrombi and
myocardial ischemia-reperfusion), both of which are associated with over-expression of P-
selectin [208]. It was found that 99MTc-fucoidan SPECT was able to detect the platelet-rich
arterial thrombi, vegetations of endocarditis, and mural aneurysmal thrombus [208].

A recent study also showed that P-selectin from human atherosclerotic plaques [212] could
regulate the recruitment of monocytes and lymphocytes [213], making radiolabeled anti-P-
selectin antibody an attractive option for sensitive detection of atherosclerotic plaques. By
using a commercially available anti-mouse P-selectin mAD, i.e. RB40.34, early detection of
atherosclerotic plaques by PET/CT was achieved [214]. Selective and prominent uptake

of 64Cu-DOTA-RB40.34 in the aortic root from Ldlr-/- mice (fed with a high cholesterol
diet for induction of atherosclerotic plague) was observed and confirmed with ex vivo
biodistribution studies. Meanwhile, significantly lower level of the probe was detected in the
control group. Oil red O staining and ex vivo autoradiography of aortas were also performed
to further confirm the probe accumulation in atherosclerotic plaques.

Besides targeting VCAM-1 in different cancer models, another important function of
VCAM-1 targeted imaging is the detection of cardiovascular diseases, especially
atherosclerosis. PET/CT was used to image VCAM-1 in atherosclerosis with a peptidic
tracer called 18F-4V [215]. This technique can detect VCAM-1 expression in murine aortas,
considerably smaller than epicardial human coronary arteries. Targeting of VCAM-1 was
also demonstrated to be useful for imaging of other cardiovascular diseases. For example, a
nanobody (the smallest possible [10-15 kDa] functional immunoglobulin-like antigen-
binding fragment [216] derived from unique heavy-chain-only antibodies) for VCAM-1
named cAbVCAM1-5 was generated and evaluated for preclinical imaging of
atherosclerotic plaques [217]. The heat resistance of developed nanobodies facilitated
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its 99MTc-labeling and resulted in high radiochemical yield and purity. In ApoE™~
atherosclerotic mice, VCAM-1-positive lesions were readily identified by SPECT/CT
using 29MTc-cAbVCAM1-5, which provided the foundation for future clinical translation.

Peptidic VCAM-1 ligands were also developed for detection of VCAM-1 expression in
atherosclerosis. For example, VCAM-1 ligands called B2702-p and B2702-rp were
radiolabeled with 123| or 99MTc to detect atherosclerotic plaques in a rabbit model of
atherosclerosis [218]. B2702-p and B2702-rp derive from the linear sequences of a major
histocompatibility complex | (MHC-I) molecule with profound immunomodulatory effects.
The inhibition of leucocyte recruitment by B2702-rp was confirmed by direct interaction
with VCAM-1. The derivatives of B2702-p with optimized target-to-background ratio were
subsequently developed, generating improved SPECT image quality in atherosclerotic
lesions [219].

5. PET or SPECT imaging of vascular targets in inflammation

Imaging of inflammation has been quite challenging in the past. Despite the fact that FDG is
well known to be taken up in inflammation, more agents are needed due to its low
specificity for inflammation detection [220], and till date the quest to find optimal imaging
agents is still ongoing [221]. PET or SPECT imaging of various vascular targets that are
involved in inflammation can pave the way to this ultimate goal. Even though 18F-FDG, the
most widely-used PET tracer in clinic, is well-known to accumulate in inflammatory tissue,
the uptake is generally not inflammation specific, thus the development of tracers with
improved specificity is of importance.

5.1 E-selectin

E-selectin (also known as endothelial-leukocyte adhesion molecule -1 [ELAM-1]) is
implicated in the pathogenesis of RA, and its expression level is increased in the inflamed
synovial endothelium [222]. Radiolabeled mAb for E-selectin (e.g. 1.2B6) and its Fab
fragment have been developed and used for PET or SPECT imaging of RA in pigs or human
patients [223-225].

With the aim to determine whether the SPECT/CT could be used to detect E-selectin
expression, 111In-DTPA-1.2B6 was used for imaging of human synovial tissue transplants
into immune system compromised mice [226]. Representative SPECT/CT fused images
showed significantly higher uptake of 111In-DTPA-1.2B6 in the transplants in comparison
with the control antibody at 24 h p.i. (Figure 3a). However, several limitations still exist in
regards to the model used, which deserves further improvement in the future. First, the
synovium was not imaged in the real joint surrounding. Second, the expression level of
inflammatory molecules could be significantly different between fresh and transplanted
synovium.

E/P-selectin has a well-documented role in regulating inflammation reactions as well as in
many other diseases such as cardiovascular diseases and cancer. Different strategies were
used to regulate E/P-selectin-mediated functions via blocking the interaction with their
ligands, inhibiting the synthesis of its ligands, and preventing the formation of selectin
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carbohydrate binding determinants [203] for controlling cell adhesion in inflammation and
metastasis. New ligands for E/P-selectin have been developed recently [203, 204], which
could be used for future targeted imaging and therapy of different diseases. PET or SPECT
imaging could be used to confirm their specificity and optimize their targeting efficacy
before further clinical studies.

5.2 Vascular adhesion protein-1

Vascular adhesion protein-1(VAP-1) is a glycoprotein from ECs and it participates in
inflammatory reaction via rapid translocation from the intracellular storage granules to the
EC surface [227]. It contributes to the extravasation cascade and controls trafficking of
different immune cells to locations of inflammation. VAP-1 has a dual function as an
adhesin and an amine oxidase [227], which establishes its distinct role from other
conventional adhesion molecules. By catalysis of oxidative deamination of primary amines,
generation of highly potent inflammatory mediators (e.g. hydrogen peroxide, aldehyde, and
ammonium) [228], and interaction with other adhesion molecules (e.g. E/P-selectin,
ICAM-1 and VCAM-1) [229], VAP-1 participates in the development of various diseases
and is usually up-regulated on the vasculature [230, 231]. All these features supported
VAP-1 as a highly promising target molecule to study angiogenic/inflammatory processes in
vivo by PET or SPECT.

68Ga-labeled VAP-1 targeting peptide (#8Ga-DOTA-VAP-P1) could provide sensitive
detection of early inflammatory responses and infection-related processes [232]. In a pilot
study, PET imaging was carried out in Sprague-Dawley rats with Staphylococcus aureus
induced tibial osteomyelitis or healing cortical bone defects (as a control model of
inflammatory responses within a healing process) using 88Ga-DOTA-VAP-P1 as the tracer
(Figure 3b) [233]. Significant uptake of ¥8Ga-DOTA-VAP-P1 in both the osteomyelitic
bones and the healing bone defects was shown during early stage after surgery (0 — 36 h),
whereas only the osteomyelitic tibias could be delineated afterwards. The osteomyelitic and
control animals showed a significant difference at 7 days after surgery. This study validated
the capability of 48Ga-DOTA-VAP-P1 for accurate demonstration of the inflammation
phase and bacterial infection progress. In this context, 88Ga-DOTA-VAP-P1 was later
adopted in healthy rats and rats with bone inflammation for detection of inflammation
induced by Staphylococcus aureus infection [233]. With rapid clearance from blood, 88Ga-
DOTA-VAP-P1 demonstrated modest target-to-background ratio when compared with those
from the control peptide and 8Ga-DOTA-VAP-P1 plus competitors. The utilization

of 8Ga-DOTA-VAP-P1 is an important initial step for future development of VAP-1-
specific imaging agents.

After the confirmation of its specificity to VAP-1 in vivo, $8Ga-DOTA-VAP-P1 was
evaluated in another study for comparison with 18F-FDG (Figure 3c) [234]. Rats with both
subcutaneous pancreatic cancer xenografts and acute sterile inflammation were used in this
study. %8Ga-DOTA-VAP-P1 demonstrated superior delineation of inflammation over 18F-
FDG, with no interfering tumor uptake like 18F-FDG. Immunohistochemistry confirmed
increased VAP-1 expression at the inflammatory site with undetectable level in the tumor. It
was concluded that $8Ga-DOTA-VAP-P1 was able to visualize inflammation specifically.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2015 September 30.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hong et al.

5.3 VCAM-1

Page 24

Chemical modification of VAP-P1 was subsequently investigated to generate more
advantageous imaging agents. To prolong the metabolic half-life of 58Ga-DOTA-VAP-P1, a
new analog of 8Ga-DOTA-VAP-P1 was developed with the inclusion of a PEG spacer

(i.e. 58Ga-DOTA-VAP-PEG-P1) for in vivo imaging of inflammation [235]. Visualization
of inflammation was performed in a rat model with both $8Ga-DOTA-VAP-P1 and 88Ga-
DOTA-VAP-PEG-P1. In vivo stability of the two peptides was analyzed by radio-HPLC.
Slower renal excretion but similar liver uptake was identified for 58Ga-DOTA-VAP-PEG-P1
compared with 88Ga-DOTA-VAP-P1. Higher target-to-background ratios were achieved
from the prolonged metabolic half-life of peptide via PEG spacer, leading to improved
imaging quality of inflammation.

Besides VAP-P1, other new ligands for VAP-1 with optimized characteristics were also
actively pursued. A cyclic 17-mer peptide from phage display selection was conjugated with
DOTA via PEG linker and labeled with 8Ga (called $8Ga-DOTA-VAP-PEG-P2)

[236]. 8Ga-DOTA-VAP-PEG-P2 could be cleared rapidly from blood and with an excretion
from urine in rats. The enhanced stability of $8Ga-DOTA-VAP-PEG-P2 when compared
with 88Ga-DOTA-VAP-P1 warranted its further investigations in vivo. In addition, another
candidate named Siglec-9 was also developed by the same group via phage display [237].
The binding between Siglec-9 and VAP-1 was confirmed and the enzymatic groove of
VAP-1 was identified to be the interaction site. Specific detection of VAP-1 at sites of
inflammation and cancer was achieved by %8Ga-labeled Siglec-9.

Antibody for VAP-1 was another indispensable tool for PET or SPECT imaging of VAP-1.
BTT-1023 is an anti-VAP-1 mAb for the treatment of inflammatory diseases. In a recent
study, radioiodinated BTT-1023 was adopted for inflammation imaging in a rabbit model of
arthritis [238]. Pharmacokinetics of 1241-BTT-1023 was elucidated by PET/CT up to 72 h
after injection. Rabbits with chemically induced synovitis were imaged with 1231-BTT-1023
SPECT/CT [238]. Radioiodinated BTT-1023 cleared rapidly from blood circulation and
distributed to liver and thyroid. Importantly, 123]-BTT-1023 can delineate the inflamed joint
in the rabbit which confirmed its capacity to detect mild inflammation in vivo. Clinical 124|-
BTT-1023 PET studies may be justified with proper design of injection dose.

Generally speaking, VAP-1 targeted agents could be valuable not only for the diagnosis and
treatment planning for patients with inflammatory conditions, such as RA, but also for the
drug discovery processes. In addition to therapy monitoring and stratification of patients for
specific anti-inflammatory treatment, imaging of VAP-1 could also be a scientific tool for in
vivo investigation of leukocyte trafficking in inflammatory sites.

The primary application of VCAM-1 targeted imaging is the detection of inflammation.

A 123|_|abeled anti-VCAM-1 antibody was used to evaluate its usefulness in the assessment
of colitis [239], which demonstrated the usefulness of SPECT imaging to evaluate the
inflammatory activity in an experimental model of colitis in the rat. Inflamed colon could be
identified on scintigraphy of colitic rats, whereas there was no significant tracer activity in
control animals. The important role of VCAM-1 in the progression of inflammatory vascular
lesions and its easy access render this molecule an attractive imaging target. In
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inflammation, imaging of VCAM-1 presents high specificity for the diagnosis since
significant endothelial expression of VCAM-1 is generally restricted to inflamed tissues
[240]. Therefore, imaging of VCAM-1 can offer tremendous advantages over the gold
standard for SPECT imaging of inflammation, °™Tc-HMPAO-labeled leukocyte
scintigraphy [239]. In cardiovascular diseases, its early induction, selective expression, and
easy accessibility from the blood pool strongly suggested that VCAM-1 is an attractive
imaging biomarker [241].

6. Conclusion and future perspectives

Different imaging techniques have been applied for collecting structural, functional and
molecular information inside tissue vasculature from pathological angiogenesis, many of
which have served as indispensable tools in anti-angiogenic drug evaluation. Due to the high
sensitivity and high tissue penetration capacity, PET or SPECT will probably provide the
highest clinical relevance in this aspect for widespread use in future clinical scenarios [17,
39, 49]. Moreover, the toxicity concerns of PET or SPECT tracers are alleviated when
compared to CT, MRI or ultrasound imaging agents since much lower amount are needed
for PET or SPECT imaging, despite the radioactivity exposure to the patients. Early
detection of disease, patient stratification, and therapeutic outcome monitoring compose the
core value of molecular imaging in patient management. These PET or SPECT tracers have
the potential to select patients who can benefit from a specific anti-angiogenic treatment
(e.g. for cancer treatment) or pro-angiogenic treatment (e.g. for a cardiovascular disease
treatment) and be used to track therapeutic responses from these angiogenesis-targeted
drugs.

Many factors need to be considered when choosing the optimal vascular targets for in vivo
imaging. The complex and dynamic network between different angiogenic factors dominates
the sprout of new vessels [13, 29], which usually means that level changes of one specific
factor should be readily compensated by others in the normal situation. The “normal”
angiogenesis differs from pathological angiogenesis in the tightly regulated balance between
these angiogenesis-relevant molecules, whereas such balance is lost in the latter. The
considerable heterogeneity of vascular targets, which can vary at different stages of disease,
provided researchers the opportunities to find the right target(s) for therapeutic/diagnostic
purposes. For example, high levels of VEGFRs can be found on the ECs of vessels which
provide the nutrient supply to solid tumors [19]. Although the expression profile of VEGF/
VEGFR at a given time point can be determined by histological examination, PET or
SPECT imaging could non-invasively acquire more accurate dynamic information of
heterogeneous pattern of the targets for longitudinal measurements..

A large number of vascular targets have been identified in different diseases. Despite the
fact that no disease is originated from one factor, it is also true that certain factor may be
dominant for a specific disease in an individual patient. The vascular targets listed in this
review (Table 1) have different applicability in different diseases. The abundant expression
of VEGFR, integrins or CD105 on activated ECs makes them attractive targets for detection
of both cancer and cardiovascular diseases [21, 52, 92]. The universal expression of MMPs
in different diseases (cancer, inflammation, cardiovascular diseases) enables it to serve as a
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versatile target for therapeutic intervention. However, the comparatively low affinity and
high non-specific tissue uptake of MMPIs in vivo undermined their pertinence in PET or
SPECT imaging [134]. Despite the early discovery of TNC [202], Eph receptors [148], c-
Met [242], and ED-B [243] in cancer biology, PET or SPECT imaging of these targets is
still in its infancy. Although different clinical trials focused on these targets have already
been initiated, further optimization of existing ligands or development of new ligands will
still be needed. For imaging of inflammatory diseases, the targeting agents for E/P-selectins
[204, 207], VAP-1 [230] and VCAM-1 [183] are the mainstay. In addition, there are many
other attractive targets which need further attention and future investigation. For example,
despite their critical roles in angiogenesis, no PET or SPECT imaging of Tie receptors has
been reported to date [33].

A diverse array of imaging agents have been developed for aforementioned vascular targets
including antibody/antibody fragments, peptides, small-molecule inhibitors, aptamers,
nanomaterials, etc. Future studies need to be carried out to carefully explore the
pharmacokinetics, toxicity, and certain other properties (e.g. immune response) of these
imaging agents, which can help identify the optimal tracers for clinical translation. Another
potentially beneficial strategy is the generation of bispecific or multispecific imaging agents,
which can bind to two or multiple targets at the same time to enhance the detection
specificity.

Despite the general assumption that imaging results correlate with the target expression level
in vivo, this conclusion has not been extensively validated. In most studies, PET or SPECT
imaging in two tumor models, one positive control and one negative, was carried out.
Quantitative correlation between the in vivo target expression level and the non-invasive
imaging data is rare [152], but such validation is especially critical for therapeutic response
monitoring, as it is the pre-requirement for the researchers/clinicians adopting the imaging
techniques to monitor the target expression level in each individual patient over time. Lack
of accurate quantification is one of the major reasons that very few PET or SPECT tracers
perform well in the clinical setting.

One disadvantage of PET or SPECT is the inherently low spatial resolution. Hybrid systems,
like PET/CT, SPECT/CT, PET/MRI, and SPECT/MRI can provide partial solutions for this
issue and play a leading role in future angiogenesis imaging. These hybrid imaging systems
will potentially smooth translational research from experimental animal studies into clinical
investigation and practice. High sensitivity of PET or SPECT can be co-registered with high
resolution CT/MRI to accurately identify and quantify radiotracer uptake. Another limitation
for future application of nuclear imaging is the radiation exposure. In a study comparing the
risks of cumulative cancer incidence from digital mammography and PET (or SPECT), the
numbers from PET (e.g. 370 MBq of 18F-FDG) or SPECT (e.g. 925 MBq of 9°™Tc labeled
sestamibi) are 15-30 times higher [244]. Careful optimization of in vivo pharmacokinetics
of the tracers and introduction of more desirable radioisotopes are still essential for
minimizing the radiation exposure. In addition, development of PET or SPECT tracers with
relatively long decay half-lives (e.g. a few days) may be more financially suitable for future
clinical use. A longer half-life can facilitate the transportation of radiotracers between
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different laboratories and clinics, obviating the necessity of an on-site cyclotron in every
imaging center.

To further improve imaging of angiogenesis, it is essential to both identify new vascular
targets/specific ligands and optimize existing reagents. Further understanding of angiogenic
cascades will add bricks to new target identification. Optimization of currently available
imaging probes can also be carried out using different strategies. First, oligomerization of
the targeting ligand (small-molecule inhibitors, peptides, or small-size proteins) can improve
the receptor binding and target retention benefiting from polyvalency effect. Second, site-
specific labeling of the targeting ligands will be more advantageous than random
modifications on lysine residues to maintain the binding affinity and functional activity.
Third, choosing of an appropriate linker between the ligand and the radiolabel can
sometimes improve the pharmacokinetics. Strategies like PEGylation, glycosylation, and
different other linkers have been confirmed to improve the imaging quality [245]. Last, new
strategies should be required to improve the labeling yield (especially for 18F-based imaging
agents).

The chemical madification of these PET or SPECT reagents will significantly affect their
tissue distribution. At the same time, the chemical component of PET or SPECT tracers is
also crucial for their bioavailability in vivo. Depending on the category of the tracer, they
can have different tissue penetration, diffusive character, plasma protein binding capacity,
cell internalization, and capability to penetrate the blood brain barrier (BBB). For small-
molecule TKIs, despite their high affinities for the receptors, they tend to display high
protein binding due to their hydrophobicity. Peptide- or small protein- based PET or SPECT
tracers can have fast tissue penetration (particularly in a cancerous tissue) and prompt
cellular internalization upon the binding of their receptors, but their active interaction with
plasma enzymes renders their low stability in vivo. Antibodies are comparatively stable in
vivo and they usually possess a long circulation half-life, which can result in high
accumulation in disease region if sufficient time is given. However, the larger molecular size
renders them difficult to pass through BBB except in certain scenarios with compromised
BBB. Nanomaterials-based PET or SPECT tracers can combine the advantages of different
ligands but their interaction with mononuclear phagocyte system (result in high liver/spleen
accumulation) will raise toxicological concerns. To improve the bioavailability of these
tracers, collaborative efforts are needed, which rely on biologists to identify and validate
new targets, chemists/engineers to synthesize and characterize the ligands with suitable
applicability in different diseases.

Different labeling strategies were also adopted for the production of angiogenic markers-
targeted PET or SPECT imaging agents with improved affinity or specificity to their targets.
Since significant amount of imaging agents introduced in this review article involved the use
of radiometals, various new chelating compounds have been developed for stabilization of
radiometals on the imaging agent. Compared with commonly used chelating compounds
such as DOTA or NOTA, ligands like NODAGA [246] or CB-TE1A1P [86] can benefit
from a decreased tracer uptake in normal tissues. At the same time, site-specific
radiolabeling [61] can minimize the bioactivity loss of imaging agents. An ideal
radiolabeling scheme is to create a fast, location-selective introduction of radioisotope into
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the target molecule with a high yield and under mild conditions. Following those rules,
different “click chemistry” strategies using cycloaddition reactions can be useful tools for
radiolabeling, especially for reactions participated by 18F [247].

Most of the molecular imaging probes suffer from the slow clinical translation from bench
to bedside. Multiple factors in tracer development, e.g. the investigational new drug (IND)-
directed toxicology, significantly slow down the translational process. The high specificity
(targeting efficiency) required for PET or SPECT tracers not only leads to higher costs of
development but also limits their target population, which is a risk factor for the investors.
However, the situation has been improved by wider availability of scanners, easier access to
small animal studies, and the option of exploratory IND mechanism from the FDA to enable
faster first-in-human studies. PET or SPECT imaging can serve as a bridge between
preclinical and clinical research to screen higher target specificity and improved
pharmacodynamics. It is expected that imaging of angiogenesis with PET or SPECT tracers
will be routinely applicable in future clinical practice.

In summary, PET and SPECT imaging can provide molecularly targeted approaches for the
early assessment of biological events that precede the physiological or anatomical signature
of a disease. These imaging techniques offer unique opportunities for evaluation of
pathogenesis, progression, and therapeutic intervention. The continuing development of
more sensitive and specific PET and SPECT tracers will confirm the delivery of therapeutic
(anti-)angiogenic agents and directly monitor progression of angiogenesis within targeted
tissues, providing novel methods for optimizing therapeutic interventions in patients
suffering from various forms of disease.
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Figure 1. PET or SPECT imaging of vascular targets in cancer models
(a) Small-animal PET/CT studies at 4 h p.i. of 54Cu-CB-TE2A-LLP2A in Raji tumor-

bearing mice for detection of integrin asp1 (VLA-4). T: tumor, B: bladder, S: spleen.
Adapted with permission from [84]. (b) Representative PET/CT images of 89Zr-Df-TRC105
in 4T1 tumor-bearing mice for detection of CD105. Adapted with permission from [112]. (c)
MRI/SPECT coregistered images of glioma patient injected with 1311-81C8 mAb for
detection of tenascin-C positive tumor. Adapted with permission from [140]. Copyright by
the Society of Nuclear Medicine and Molecular Imaging, Inc. (d) PET images of EphA2
with 84Cu-DOTA-1C1 in mice bearing CT-26 (EphA2-positive) and C6 (EphA2-negative)
tumors. Tumors were marked by white arrows. Adapted with permission from [152]. (e)
Representative coronal PET images of MKN-45 tumor on injected with "®Br-onartuzumab
(left) and 89Zr-Df-onartuzumab (right) for imaging of c-Met. Adapted with permission from
[164]. Copyright by the Society of Nuclear Medicine and Molecular Imaging, Inc. (f) PET
images of FaDu xenograft-bearing nude mouse injected with 1241-L19-SIP for detection of
ED-B. Uptake in stomach was marked by a white arrow. Adapted with permission from
[175].
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Figure 2. PET or SPECT imaging of vascular targets in cardiovascular disease models
(a) Representative PET images at 48 h p.i. of 84Cu-NOTA-TRC105 on day 1 and day 3 after

surgical creation of hindlimb ischemia (arrowheads) for detection of CD105. Corresponding
PET image of mice in the blocking group on day 3 was also shown. Adapted with
permission from [195]. (b) PET images with 84Cu-NOTA-TRC105 to detect CD105
expression in a rat myocardial infarction model (pointed by a white arrowhead). Left: PET
imaging with 18F-FDG to confirm the presence of myocardial infarction after surgery
(pointed by a white arrowhead). Tracer uptake in the wound (pointed by a white arrow)
could also be observed. Adapted with permission from [197]. (c) SPECT images of 111In-
anti-TNC Fab (left panel) and %™Tc-MIBI (middle panel) in EAM rats. The merged image
of these two tracers is shown in the right panel. Adapted with permission from [198]. (d)
Thrombus imaged with °MTc-MAG3-SZ-LC. Arrows indicate the location of copper wire
(left, detected by X-ray) and thrombus (right, detected by SPECT). Adapted with permission
from [206].
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Figure 3. PET or SPECT imaging of vascular targets in inflammation
(a) SPECT/CT imaging of a double-transplanted mouse injected with 111In-DTPA-1.2B6 at

5 h post-intragraft injection of TNF-a. White arrows indicated the transplanted synovial
tissues. Adapted with permission from [226]. (b) Dynamic PET imaging of VAP-1 in
osteomyelitic rat after intravenous administration of %8Ga-DOTA-VAP-P1. Clear
visualization of the infection focus in the tibia (white arrow) with good target-to-background
ratio could be observed. Adapted with permission from [233] (c) Representative whole-body
coronal and sagittal PET images of a rat intravenously injected with %8Ga-DOTA-VAP-P1
(left) and 18F-FDG (right). Differences in the radioactivity uptake could be clearly seen at
the site of inflammation (arrow A), the mouse muscle (arrow B) and the tumor (arrow C),
which demonstrated that 88Ga-DOTA-VAP-P1 could discriminate between inflammation
and cancer, while 18F-FDG could not. Adapted with permission from [234].
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Scheme 1.
A schematic illustration of representative vascular targets and radioisotpes used in PET or

SPECT imaging of three major diseases: cancer, cardiovascular diseases (CVD), and
inflammation.
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