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Abstract

Morbidity and mortality from cancer and their associated conditions and treatments continue to
extract a heavy social and economic global burden despite the transformative advances in science
and technology in the twenty-first century. In fact, cancer incidence and mortality are expected to
reach pandemic proportions by 2025, and costs of managing cancer will escalate to trillions of
dollars. The inability to establish effective cancer treatments arises from the complexity of
conditions that exist within tumors, the plasticity and adaptability of cancer cells coupled with
their ability to escape immune surveillance, and the co-opted stromal cells and microenvironment
that assist cancer cells in survival. Stromal cells, although destroyed together with cancer cells,
have an ever-replenishing source that can assist in resurrecting tumors from any residual cancer
cells that may survive treatment. The tumor microenvironment landscape is a continually changing
landscape, with spatial and temporal heterogeneities that impact and influence cancer treatment
outcome. Importantly, the changing landscape of the tumor microenvironment can be exploited for
precision medicine and theranostics. Molecular and functional imaging can play important roles in
shaping and selecting treatments to match this landscape. Our purpose in this review is to examine
the roles of molecular and functional imaging, within the context of the tumor microenvironment,
and the feasibility of their applications for precision medicine and theranostics in humans.

1. INTRODUCTION

Cancer is a disease of cell survival. Unlike stroke or cardiac ischemia where the death of
cells results in loss of organ function, cancer arises from cells uniquely adapted to survive
damage. As a result, our current paradigms of treating cancer inflict significant collateral
damage to normal tissues. Precision or personalized medicine (PM) is being strongly
advocated as a solution to selectively targeting cancer cells and minimizing damage to
normal tissue. The field of theranostics is creating exciting new possibilities for combining
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diagnosis with therapy in PM. Currently, most molecular-targeted treatments focus on
genomic characterization of cancer cells but not on the microenvironment around tumors.
Furthermore, unlike noninvasive imaging, biopsied tumor specimens do not provide a
comprehensive characterization of the cancer.

Advances in molecular and functional imaging are providing new means to image intact
cells and tumors and understand the interplay between cancer cells and the
microenvironment that surrounds these cells. These advances can find important niches in
PM and theranostics of the tumor microenvironment (TME) (Fig. 7.1). The networks of
blood and lymphatic vessels, stromal cells, and the extracellular matrix (ECM) that are
collectively termed the TME are co-opted and shaped by cancer cells to survive, invade, and
form distant metastasis. Abnormalities in vasculature, lymphatics, and metabolism impose
additional heterogeneities in hypoxia, interstitial pressure, and acidic microenvironments.
These factors can provide transcriptional signals that alter gene and protein expression. The
TME therefore presents an ever-changing landscape of spatial and temporal heterogeneities
in physiology, metabolism, and stromal cell trafficking, highlighting the importance of using
noninvasive imaging to follow these dynamics. Many of the lethal consequences of these
changing landscapes, such as hypoxia, result in a cascade of changes in multiple pathways
and networks and have lethal repercussions such as recurrence and metastasis that become
evident only several years later.

Stromal cells such as cancer-associated fibroblasts (CAFs) and tumor-associated
macrophages (TAMs) mediate many of the aggressive characteristics of cancer but have an
ever-replenishing supply left largely intact by our current therapeutic strategies. Therefore,
even following surgery or radiation or chemotherapy, a few cancer cells that ordinarily
would not survive on their own continue to have a host of stromal cells to assist them in
reestablishment at local or distant sites. In this review, we have focused on highlighting the
most recent advances in molecular and functional imaging and nanoparticles that
incorporate, or have the potential to be incorporated in, molecular and functional imaging of
the TME for PM and theranostics in cancer. The resurgence of interest in delivering
molecular reagents such as complementary DNA (cDNA), small interfering RNA (siRNA),
and microRNA provides new opportunities for image-guided delivery of nanoparticles
carrying these agents. Theranostic agents targeting cancer cells that combine imaging probes
with siRNA have been developed, and their efficacy in target delivery and message
downregulation has been demonstrated (Chen et al., 2012; Li et al., 2010; Medarova, Pham,
Farrar, Petkova, & Moore, 2007).

2. IMAGING AND PM/THERANOSTICS OF THE PHYSIOLOGICAL

MICROENVIRONMENT
2.1. Hypoxia

Poor oxygenation, arising from the chaotic and abnormal tumor vasculature, has been
identified as a major cause of radiation resistance since the 1950s when Thomlinson and
Gray detected necrosis occurring in human lung cancers at a distance of 150 um from the
nearest blood vessels (Thomlinson & Gray, 1955). The oxygen effect, where increased
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formation of free radicals results in increased radiation damage in the presence of oxygen
and decreased radiation damage in the absence of oxygen was established by then (Gray,
Conger, Ebert, Hornsey, & Scott, 1953), allowing Thomlinson and Gray to make the
prescient observation that hypoxia must exist in human tumors and cause radiation
resistance. With the discovery of the hypoxia-inducible factors (HIFs) and hypoxia response
elements (HREs) that transcriptionally regulate several genes, the past decade has witnessed
an every-burgeoning interest in the role of hypoxia and evidence of the role of HIFs in
cancer progression, invasion, metastasis, and resistance to treatment (Semenza, 2010). In
addition, the constitutive stabilization of HIF in cancers such as renal cell carcinoma has led
to the development of HIF inhibitors in cancer treatment (Onnis, Rapisarda, & Melillo,
2009).

Several imaging modalities can be applied to image tumor hypoxia. PET imaging probes of
hypoxia such as I8F_fluoromisonidazole ['8F-FMISO], !8F-flortanidazole [!8F-HX4], !8F-
fluoroazomycin arabinoside ['8F-FAZA], and ®*Cu-diacetyl-bis(N;-methylsemicarbazone)
[44Cu-ATSM] rely on their ability to bind to molecules in viable hypoxic cells allowing in
Vivo detection of hypoxia (Carlin et al., 2014; Spence et al., 2008). Clinical applications of
such probes can be used to tailor intensity-modulated radiation therapy to hypoxia within
tumors as shown in proof-of-principle studies (Servagi-Vernat et al., 2014). Clinical trials
demonstrating improved patient survival are not available as yet but are necessary to provide
further confirmation of the importance of using imaging for PM of hypoxia. FMISO PET
was used to assess the hypoxic status of tumors in a study conducted on 22 patients with
glioblastoma multiforme (GBM) (Fig. 7.2). A greater volume of hypoxic regions and the
maximum intensity of the probe before radiotherapy were strongly associated with poor
survival (Spence et al., 2008).

Magnetic resonance spectroscopy (MRS) probes have also been developed to detect
oxygenation based on the dependence of the relaxivity of hexamethyldisoloxane (HMDSO)
(*H MRS) and perfluorocarbons (1F MRS) on oxygen tensions (Mason, Shukla, & Antich,
1993). HMDSO has been used to determine oxygen tension in an experimental model of
prostate cancer with IH MRS after intravenous (i.v.) injection (Kodibagkar, Cui, Merritt, &
Mason, 2006). The 19F probe 2-nitro-a-[(2,2,2-trifluoroethoxy)methyl]-imidazole- 1-ethanol
is a nitroimidazole-based probe that is reduced in hypoxic cells and binds to endogenous
cellular molecules. Its accumulation can be used to report on hypoxia in vivo with 1F MRS
(Procissi et al., 2007). Very few first-in-human studies have been performed so far (Lee et
al., 2009). The nitroimidazole hypoxia marker SR4554 was tested in 26 patients in various
malignancies, with a predominance of gastrointestinal stromal tumors, head and neck
cancer, and melanoma. Tumors that were at least 3 cm in size and no more than 4 cm depth
were investigated to allow acquisition of °F MRS data with a surface coil. While the study
showed the feasibility of using MRS to study the retention of the probe in some tumors, it
also highlighted the low sensitivity of MRS compared to PET (Lee et al., 2009).

A new nitroimidazole-based T{ MR contrast agent, gadolinium
tetraazacyclododecanetetraacetic acid monoamide conjugate of 2-nitro- imidazole
(GdDO3NI), was recently developed to image tumor hypoxia and was found to accumulate
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significantly in the central poorly perfused regions of a rat prostate cancer xenograft (Gulaka
etal., 2014).

Optical images probes, created from linking the HRE to fluorescent protein expression, have
also been developed by creating cancer cell lines expressing this construct (Raman et al.,
2006). These have been exclusively used in xenograft models for basic research to
understand the relationship between vasculature and hypoxia (as shown in Fig. 7.3) and the
effect of hypoxia on collagen 1 fiber distribution, metabolism, and macromolecular transport
(Kakkad et al., 2010, 2013; Raman et al., 2006). While these reporters are useful for basic
research, their applications for PM in humans are not feasible and they are primarily
valuable research tools.

Some advances have been made in creating HRE-driven therapeutic genes such as cytosine
deaminase in targeting hypoxia as these will only be expressed in hypoxic regions (Marignol
et al., 2009). Although these are only at the basic research stage, they show promise for PM
of hypoxia in the future, especially with recent advances in nanoparticle-based delivery of
molecular reagents such as siRNA and cDNA.

The acidic extracellular pH (pH,) that exists within cancers because of poor perfusion and
increased glycolytic activity is another environmental factor that can influence progression
and treatment outcome (Gillies & Gatenby, 2007; Gillies, Robey, & Gatenby, 2008). 3lp
MRS can detect intracellular pH (pH;) from the chemical shift of the inorganic phosphate
signal, or pH,, from the chemical shift of an exogenous 3!P-detectable pH marker such as 3-
aminopropylphosphonate (Robey et al., 2009). The low sensitivity of 3!P MRS, however,
results in limited spatial resolution. To improve spatial resolution, pH, imaging has been
performed in tumors in vivo using probes detected with 'H MRSI such as (imidazol-1-y1)3-
ethyoxycarbonylpropionic acid (van Sluis et al., 1999), or 2-(imidazol-1-yl)succinic acid
(Provent et al., 2007).

Optical probes have been also developed to image acidosis in tumors such as a pH-activated
near infrared (NIR) fluorescent probe (Wang, Zhu, et al., 2012). Optical imaging with its
high sensitivity and fast acquisition rate presents several advantages. With NIR
fluorescence, autofluorescence and absorbance from endogenous molecules are low,
improving the sensitivity and spatial resolution in deep tissues. One recently described
probe, DiIR783-S, is activated at low pH by the cleavage of hydrazine bonds leading to a
reduced self-quenching effect and to the activation of NIR fluorescence (Wang, Zhu, et al.,
2012). The probe was successfully tested in an MDA-MB-435 xenograft model and allowed
in vivo visualization of tumor acidosis (Fig. 7.4).

There are currently no pH imaging probes available for applications in humans. The most
likely candidates in the future will be chemical exchange saturation transfer (CEST) pH
probes (Chen et al., 2013) and hyperpolarized 13C probes (Gallagher et al., 2008). pH,
imaging with CEST was recently demonstrated in a breast cancer xenograft model using a
clinically approved CT contrast agent, iopromide (Chen et al., 2013). The ratio of the CEST
effects of the two amide protons of iopromide linearly correlated with pH 6.3-7.2
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independently of the concentration. Tissue pH was also determined in vivo following an i.v.
injection of hyperpolarized H'3CO5~, by measuring the concentrations of H'3CO3~

and 13CO, formed and deriving pH from the Henderson—Hasselbalch equation (pH = pK, +
logo ([HCO3~)/[CO,]); Gallagher et al., 2008). The technique was successfully applied in
Vivo to measure pH in a preclinical model of lymphoma (Gallagher et al., 2008).

In addition to characterizing the aggressiveness of cancers with pH imaging, PM
incorporating pH imaging can utilize the use of pH-sensitive carriers to specifically deliver
drugs to the acidic TMEs. Polymeric micelles displaying pH sensitivity and controlled
release have been designed to carry and deliver hydrophobic agents to tumors (Gao, Li, &
Lee, 2013). These pH-sensitive polymers consist of ionizable groups that can accept or
donate protons in response to environmental pH changes (Gao et al., 2013). At physiological
pH, polymeric micelles self-assemble from amphiphilic block copolymers. Water-insoluble
imaging agents or drugs can then be encapsulated into the micelles via hydrophobic
interactions. These micelles can be ionized and solubilized in the low pH, of the TME and
subsequently be used for cancer diagnostics and targeted therapies. Doxorubicin-loaded pH-
responsive polymeric micelle with pH-dependent micellization—demicellization transitions
have been recently developed (Ko et al., 2007). In vitro experiments revealed that these
doxorubicin-loaded micelles prevented drug release at pH 7.4, while releasing more than
70% of the drug cargo over 6 h at pH 6.4. BI6F10 melanoma tumor cell uptake of
doxorubicin released from the micelles was much higher at pH 6.4 than at pH 7.4. The
antitumor efficacy of the pH-responsive polymeric micelles was also tested in vivo. A
suppression of BI6F10 tumor growth and a prolonged survival of the treated tumor-bearing
mice compared to control mice were observed (Ko et al., 2007).

3. THE ECM AND ITS ENZYMES

Proteases overexpressed by both cancer cells and stromal cells shape the ECM and can be
exploited for imaging and therapeutic purposes. Protease activity can be used to activate
imaging or therapeutic agents specifically in the tumor. Among the proteases, matrix
metalloproteinases (MMPs) and cathepsin B play a critical role in tumor progression and
metastases. MMPs, a family of 26 secreted and transmembrane proteins can degrade the
ECM and regulate the activity of other proteases, receptors, and growth factors. Cathepsin B
is a lysosomal cysteine protease that is overexpressed in several tumor types. It converts pro-
urokinase-type plasminogen activator to urokinase-type plasminogen activator, activating
plasminogen to plasmin, a serine protease, which can degrade several components of the
ECM such as fibrin, fibronectin, laminin, and proteoglycans. Many activatable NIR probes
that are based on fluorescence resonance energy transfer are available to detect protease
activity. The targeting of these proteases have been successfully developed and widely
explored in biomedical research (Weidle, Tiefenthaler, & Georges, 2014).

Along similar principles, several prodrug therapeutics have been developed that are
specifically activated after cleavage by a protease. The different proteases used as mediators
of cytotoxicity in tumor therapy were recently reviewed (Weidle et al., 2014) and highlight
the diversity of recently developed therapeutic and imaging probes.
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Excess remodeling of collagen fibers is commonly seen in tumors. During this remodeling,
large portions of collagen are degraded and denatured by proteolytic enzymes. A probe that
specifically binds to cryptic sites in collagen strands that become exposed when denatured
was recently described and can be used for diagnostic and therapeutic purposes (Li, Foss, et
al., 2012). Fluorescently labeled collagen mimetic peptides (CMP) were used in vivo to
target and image denatured collagens in a prostate tumor xenograft (Fig. 7.5). The NIR
fluorophore-labeled CMP probe (IR-Ahx-(GPO)g) permeated through tumor vasculature and
accumulated in the tumor while the scrambled control sequence (IR-Ahx-5GgP9Og) showed
minimal accumulation (Fig. 7.5A). Colocalization of the probe with MMP activity was
demonstrated after MMPSense680 injection (Fig. 7.5B).

Direct imaging of collagen 1 fibers in the ECM is also possible with second harmonic
generation microscopy (Brown et al., 2003). These fibers have been implicated in
facilitating metastatic dissemination (Kakkad et al., 2012; Provenzano et al., 2006). The
availability of biopsy compatible miniaturized fiber optic probes to detect second harmonic
signal from tumor tissue could assist in identifying aggressive cancers that are likely to
metastasize and assist in PM of the ECM.

Characterizing the movement of macromolecules through the ECM provides a measure of
its integrity. Because proteolytic enzymes degrade the ECM, indices of integrity or porosity
can be used to characterize the invasiveness of tumors. MRI of the macromolecular contrast
agent albumin—gadolinium—DTPA was used to characterize the extravascular transport of
macromolecules through the ECM of solid tumors in vivo and detected significant
differences in transport indices such as pooling and draining volumes and rates between
noninvasive and invasive breast cancer xenografts (Pathak et al., 2013). Insights into
differences in macromolecular transport in hypoxic and normoxic tumor regions were also
obtained with this approach (Kakkad et al., 2013).

4. ENDOTHELIAL CELLS AND TUMOR VASCULATURE

The vasculature established by tumors is one of the most widely investigated aspects of the
TME. The chaotic vasculature of tumors has long been identified as a major barrier in
effective drug delivery (Fukumura & Jain, 2007). This chaotic vasculature also results in
hypoxia, substrate depletion, and extracellular acidosis (Gillies, Raghunand, Karczmar, &
Bhujwalla, 2002). It is also one of the means by which cancer cells escape on their
metastatic journey (Quail & Joyce, 2013). Tumor angiogenesis, the mechanism by which
cancer cells establish vascularization, has been extensively investigated using MRI (Pathak,
Penet, & Bhujwalla, 2010), PET, CT (Iagaru & Gambhir, 2013), and optical imaging
(Eisenblatter, Holtke, Persigehl, & Bremer, 2010). More recently, angiogenesis has been
visualized with molecular photoacoustic imaging (Pan et al., 2011). Photoacoustic
tomography combines optical absorption contrast and fine ultrasonic resolution to generate
high-resolution images of microvasculature using the inherent signal of hemoglobin that can
be translated for human applications. To differentiate neovasculature from maturing
microvasculature, a,f3-gold nanobeacons have been developed and provided a sensitive and
specific discrimination and quantification of angiogenesis in vivo as shown in a mouse
Matrigel-plug model (Pan et al., 2011).
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Integrins, such as asp; and a,fs, are poorly expressed on normal quiescent vessels, but are
highly expressed on tumor blood vessels, and they can be used as specific targets for
imaging and therapeutics. Changes in tumor neo-vasculature can be followed over time, as
shown in Fig. 7.6, using gadolinium—DTPA-PE nanoparticles (Schmieder et al., 2013) that
target a,f3 integrins, allowing a longitudinal monitoring of tumor progression with the
exploration of temporal—spatial patterns of angiogenesis in individual animals. A therapeutic
component can be added to a,ps3-targeted nanoparticles (gadolinium—DTPA-BOA) by
loading them with anti-angiogenic agents, such as fumagillin (Winter et al., 2008). Particle
delivery can be further improved by targeting asf; and a,p3 integrins simultaneously, as
demonstrated in an MDA-MB-435 breast cancer xenograft model. The efficacy of the
fumagillin treatment on the angiogenesis was also improved as demonstrated using 3D MRI
(Schmieder et al., 2008).

Tumor vascular targeting has been performed using other nanocarriers, such as liposomes,
labeled with MR contrast agent and loaded with anticancer drugs, such as doxorubicin
(Grange et al., 2010) or prednisolone phosphate (Cittadino et al., 2012). To increase the
specificity of delivery, liposomes can be functionalized with specific ligands, such as
peptides or antibodies to bind to molecules that are expressed on the cancer cell or the
endothelial cell surface. The presence of MR contrast agent allows imaging of the delivery
with MRI. Neural cell adhesion molecule (NCAM) is expressed by Kaposi’s cells and tumor
endothelial cells and can be targeted by a peptide. Liposomes carrying gadolinium and
doxorubicin were developed to target NCAM in a Kaposi sarcoma model. The treatment
resulted in reduced tumor growth and an increase of survival (Grange et al., 2010).

Magnetic targeting is another strategy that can be applied to improve nanoparticle delivery,
as shown in a mouse subcutaneous xenograft model, using magnetic nanoparticles that
contain a single superparamagnetic iron oxide core (Fu et al., 2012). In this strategy, an
external permanent magnet producing a moderate magnetic field was combined with a
tissue-embedded magnetizable micromesh that produced strong localized magnetic field
gradients to attract individual magnetic nanoparticles to multiple locations of the mesh (Fu
et al., 2012). In a human glioblastoma mouse model, the nanoparticles were magnetically
retained in the tumor neovasculature and in the surrounding tumor tissues, as observed by
fluorescence intravital microscopy in real time. The retention of the particles was improved
by combining a.,f33 integrin targeting with magnetic targeting in a human glioblastoma
mouse xenograft model. Tumor regression occurred more rapidly using combined targeting
as compared to the integrin targeting alone (Fu et al., 2012).

Normalizing the TME to improve drug delivery and efficacy of molecular medicines has
also been proposed as a strategy to improve treatment outcome (Jain, 2013). Normalization
of the tumor vasculature, lymphatic vessels, and the ECM can be assessed noninvasively
using MRI, and the imaging results can be used to establish the time window during which
patients should be treated. Contrast-enhanced CT perfusion measurement was recently used
to predict tumor drug response in GBM patients (Pascal et al., 2013). These studies
demonstrated the importance of the fraction of blood volume, the distribution of tumor
vessel diameter, and the distance that drugs diffuse through the tissue for effective drug
delivery. These parameters differ between tumor types, and between individuals with a
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similar tumor type, and should be assessed individually to design successive chemotherapy
cycles based on the characteristics of the tumor vasculature (Pascal et al., 2013).

5. LYMPHATIC ENDOTHELIAL CELLS, LYMPHATICS, AND INTERSTITIAL
PRESSURE

The lymphatic system is an important route of metastases, facilitating tumor dissemination
from primary sites to distant tissues. Like the vasculature, lymphatics within tumors are
chaotic and nonfunctional resulting in the build-up of interstitial fluid pressure that further
contributes to poor transport of molecules through the ECM (Fukumura & Jain, 2007).
While most imaging studies have focused on imaging lymph node metastases and nodal
staging (Harisinghani et al., 2003; Ross et al., 2009; Seenu et al., 2005), some have explored
ways to image lymphangiogenesis. Lymphatic endothelial cells (LECs) present specific
antigens on their surface, such as LYVE-1, VEGFR3, and podoplanin. Podoplanin is a
membrane mucin, which promotes endothelial cell adhesion, migration, and lymphatic
formation (Yang et al., 2013), and can be targeted to image lymphangiogenesis
noninvasively. GoldMag nanoparticle is a new superparamagnetic composite composed of
an ultrasmall superparamagnetic iron oxide core and a colloidal gold shell. Water-soluble
PEG-GoldMag nanoparticles bound to antipodoplanin antibodies were used to show the
feasibility of imaging lymphangiogenesis with MRI in a breast cancer model (Yang et al.,
2013). LyP-1 is a cyclic peptide that binds not only to some cancer cells but also to tumor
lymphatic vessels (Wang, Yu, et al., 2012). Added to the surface of polymeric micelles
loaded with artemisinin, the peptide improved the specificity of particle delivery to MDA-
MB-435 tumors and LECs, as shown in vivo with NIR fluorescent imaging (Wang, Yu, et
al., 2012). Artemisinin is a natural product with potential anticancer and
antilymphangiogenesis effects. Targeted micelles loaded with artemisinin achieved a higher
antitumor efficacy than nontargeted ones, demonstrating their potential as effective
theranostic agents targeting metastatic breast cancer cells and lymphatics (Wang, Yu, et al.,
2012).

6. STROMAL COMPONENTS OF THE TME AND THEIR ROLE IN PM

Stromal cells play a critical role in tumor progression (Quail & Joyce, 2013). Among them,
CAFs significantly influence the proliferation, invasion, and metastasis of cancer cells.
Fibroblast activation protein-a (FAP«) is a cell surface glycoprotein and a member of the
serine protease family that has been found to be selectively produced by CAFs that can be
used to image CAFs in vivo. FAPa-targeted imaging probes could be used for early
detection of cancer, stratification of cancer patients for FAPa-targeted therapy, and
monitoring treatment response. A new probe that consists of a NIR dye (Cy5.5) and a
quencher dye (QSY21) which are linked together by a short peptide sequence
(KGPGPNQOC) specific for FAPa cleavage was recently developed to detect CAFs (Li,
Chen, et al., 2012). NIR fluorescence signal was observed after cleavage of the peptide
sequence by FAPa both in vitro and in vivo. In vivo imaging demonstrated that the probe
was rapidly activated in FAPa-positive US7MG tumors but not in negative C6 tumors,
providing a novel FAPa-specific probe to quantify the presence of CAFs (Li, Chen, et al.,
2012).
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MRI has frequently been used in preclinical models to image stromal cells in the TME.
CAFs (Granot et al., 2007), stem cells (Chaumeil et al., 2012), endothelial precursor cells
(Anderson et al., 2005), natural killer cells (Daldrup-Link et al., 2005), T cells (Hu,
Kettunen, & Brindle, 2005), and TAMs (Daldrup-Link et al., 2011; Shih et al., 2011) were
imaged in vivo after being labeled with either Ty or T, contrast agents.

To optimize the development of stem-cell-based therapies for the treatment of glioblastoma,
the tropism of micron-size particles of iron oxide (MPIO)-labeled stem cell was explored in
Vivo as shown in Fig. 7.7 (Chaumeil et al., 2012). Labeled cells injected in the contralateral
hemisphere of U87vIII tumor-bearing mice exhibited tropism to tumors, first localizing at
the tumor edges, then in the tumor masses. Areas of hypointensity arising from the
accumulation of labeled stem cells, colocalized first with gadolinium enhanced regions (i.e.,
regions of high vascular permeability), consistent with stem cell tropism to vascular
endothelial growth factor.

More recently, fibroblasts overexpressing ferritin heavy chain (FHC) were engineered and
used to quantitatively monitor the dynamic perivascular recruitment in ovarian carcinoma
xenografts (Vandsburger et al., 2013). FHC overexpression combined with R, mapping and
MR relaxometry enabled in vivo imaging of the recruitment of exogenously administered
fibroblasts to the vasculature of ovarian tumor xenografts (Vandsburger et al., 2013).

7. INTRAOPERATIVE OPTICAL IMAGING

One of the most important advances in PM is the development of specialized intraoperative
imaging systems for open surgery using NIR fluorescence to visualize cancer cells and
tumor margins to facilitate image-guided surgery. Clinical applications have been described
in sentinel lymph nodes mapping, in tumor imaging, and in vascularization and perfusion
tumor imaging (Vahrmeijer, Hutteman, van der Vorst, van de Velde, & Frangioni, 2013).

The ability to visualize minuscule tumor deposits is essential to ensure complete resection of
the tumor. af3 integrin-targeted NIR fluorescent probes have been developed for
intraoperative imaging and tested in an ovarian cancer model (Harlaar et al., 2013). The
study showed that the probes could assist the surgeon in finding small tumor spots to resect
with a sensitivity of 100%, a specificity of 88%, and a diagnostic accuracy of 96.5%.
Fluorescence epiillumination imaging was used to remove all suspicious fluorescent spots
by image-guided surgery, and hematoxylin and eosin histopathology was used to confirm
the presence of cancer cells in the samples resected (Harlaar et al., 2013). A similar study
was performed in ovarian cancer patients using a fluorescent probe targeting the folate
receptor-a for in vivo tumor-specific imaging (van Dam et al., 2011). Applying image-
guided intraoperative technique should lead to more efficient cyto-reduction, especially in
cancers with a peritoneal dissemination pattern. Tumor-specific detection strategy should
ultimately improve patient survival by providing real-time feedback on residual malignant
tissue to the surgeon (van Dam et al., 2011).

Another important strategy for intraoperative and superficial tumors PM is the use of
photoimmunotherapy (PIT) using NIR-photosensitizing dyes (Mitsunaga et al., 2011). In
this novel molecular-targeted cancer therapy, a target-specific photosensitizer based on an
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NIR phthalocyanine dye, IR700, is conjugated to monoclonal antibodies targeting epidermal
growth factor receptors. The dye can be detected with optical imaging. In vitro cell death
was induced immediately after irradiating monoclonal antibody-IR700-bound target cells
with NIR light. In vivo tumor shrinkage after irradiation with NIR light was also described
in target cells expressing the epidermal growth factor receptor. The study demonstrates the
potential of target-selective PIT for the treatment of cancer based on monoclonal antibody
binding to the cancer cell membrane (Mitsunaga et al., 2011).

8. CONCLUDING REMARKS

Molecular and functional imaging is finding transformative applications in PM and
theranostics of cancer. In combination with advances in molecular medicine and the delivery
of molecular reagents such as siRNA and cDNA, the exciting strategies being developed to
visualize and target nearly every aspect of the TME and their rapid clinical translation
should significantly advance our abilities to effectively treat and control a disease that
currently continues to elude control and cure.
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Figure7.1.

Schematic overview of precision medicine strategies exploiting the tumor

microenvironment. Adapted from Stasinopoulos et al. (2011).
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Figure7.2.
(A and B) A 55-year-old woman with a bifrontal GBM imaged after a biopsy. (A) MRI T-

Gadolinium showing a large contrast-enhancing irregular ring-shaped tumor with a necrotic
center. (B) FMISO image through the same plane. The hypoxic volume was 129 cm3, and
the maximum tissue to blood concentration was 3.0. Adapted with permission from Spence
et al. (2008).
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Figure7.3.
Three-dimensional reconstruction of (A) optical image with hypoxic regions displayed in

gray within the tumor, (B) corresponding display of vascular volume (left), and overlay of
hypoxia mask on vascular volume (right), (C) corresponding display of permeability surface
area product (left) and overlay of hypoxia mask on permeability surface area product (right)
in a breast cancer xenograft. To visualize the hypoxic mask, all voxels with signal intensity
higher than 10% of the maximum fluorescence signal intensity in each optical image were
included. This was done to avoid using a hard threshold and to exclude any background
signal due to autofluorescence. Adapted with permission from Kakkad et al. (2013).
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Tumor mice

us]

Figure7.4.
(A) Representative NIR fluorescence and color-coded fluorescence images of MDA-

MB-465 tumor-bearing mice at 24 h postinjection. Arrows point to the tumor. (B) 3D
reconstructed fluorescence images of tumors at 24 h postinjection. The NIR fluorescence is
displayed in red, and the vasculature stained by DiO is displayed in green. Adapted with
permission from Wang, Zhu, et al. (2012).
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Figure7.5.
In vivo targeting of tumors by CMP hybridization with MMP-digested collagens. (A) In vivo

NIR fluorescent images of mice bearing PC-3 prostate tumors on the right and left flank
(circled) administered with 3.7 nmol of UV-activated IR-Ahx-NB (GPO)g or sequence-
scrambled control peptide. Ventral views of both mice at 96 h post-injection, and after
midline surgical laparotomy indicate tumor specific and stable accumulation of the IR-Ahx-
(GPO)g peptide. (B) NIR fluorescent images of another pair of mice bearing PC-3 tumors at
the same location at 102 h after IR-CMP injection and 24 h after MMPSense680 injection,
showing colocalization (in yellow) of MMP activity (red) and CMP binding (green) in the
tumors (circled) and knee joint (arrowhead). Adapted with permission from Li, Foss, et al.
(2012).
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Figure7.6.
Neovascular maps showing contrast-enhanced voxels over time. Increase in significantly

enhanced tumor voxels is clearly apparent on 3D reconstructions of MR signal enhancement
derived from paramagnetic nanoparticles. Tumor volume is outlined in gray, and contrast-
enhanced pixels are shown in blue. Maps illustrate that MRI detection of neovessels
markedly increased between days 8 and 14, with continued spatial progression noted on day
16. Arrows indicate examples of consistent enhancement patterns over time. The tumor of
the rabbit that received nontargeted paramagnetic nanoparticles shows little enhancement
despite continued tumor growth and progression of neovessels. Adapted with permission
from Schmieder et al. (2013).
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Slice 3

Figure7.7.
Tropism of MPIO-labeled stem cells toward areas of high permeability at the edge of and

inside U87vIII tumors following contralateral injections. (A) Axial Tp*-weighted images of
a U87vIII tumor-bearing mouse 7 days after contralateral injection of MPIO-labeled human
mesenchymal stem cells and (B) corresponding contrast-enhanced-MR images, confirming
the colocalization of MPIO-induced areas of hyposignal with the edges of the
postgadolinium-enhancing tumors. The MPIO-labeled stem cells injection sites are shown as
empty circles, the tumor injection sites as filled circles. The dotted lines show the
localization of the displayed imaging slices. MPIO-labeled stem cells localized at the edges
of the tumors in areas of high permeability (black arrows) and inside the tumor masses
(white arrows). Adapted with permission from Chaumeil et al. (2012).
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