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Abstract

Intravital microscopy has provided unprecedented insights into tumor pathophysiology, including
angiogenesis and the microenvironment. Tumor vasculature shows an abnormal organization,
structure, and function. Tumor vessels are leaky, blood flow is heterogeneous and often
compromised. Vascular hyperpermeability and the lack of functional lymphatic vessels inside
tumors causes elevation of interstitial fluid pressure in solid tumors. These abnormalities form
physiological barriers to the delivery of therapeutic agents to tumors and also lead to a hostile
microenvironment characterized by hypoxia and acidosis, which hinders the effectiveness of anti-
tumor treatments such as radiation therapy and chemotherapy. In addition, host-tumor interactions
regulate expression of pro- and anti-angiogenic factors, resulting in pathophysiological
characteristics of the tumor. On the other hand, in a physiological setting, angiogenic vessels
become mature and form long-lasting functional units. Restoring the balance of pro- and anti-
angiogenic factors in tumors may “normalize” tumor vasculature and thus improve its function.
Administration of cytotoxic therapy during the vascular normalization would enhance its efficacy.
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Angiogenesis is one of the critical steps required for solid tumors to grow beyond their
dormant state (1). The resulting tumor vasculature is not a simple supply line of nutrients to
tumors. It governs pathophysiology of solid tumors and thus tumor growth, invasion,
metastasis and response to various therapies. Intravital microscopy has provided
unprecedented molecular, cellular, anatomical and functional insights into tumor
pathophysiology, including angiogenesis and the microenvironment (2). In this review, we
discuss the structure and function of tumor vasculature, the resulting abnormal
microenvironment, causes and consequences of these abnormalities, physiological
angiogenesis and potential normalization of the tumor vasculature and microenvironment,
aspects which are associated with an escape from tumor dormancy.

INTRAVITAL MICROSCOPY

To study tumor angiogenesis, vasculature and microenvironment in vivo, invasive or non-
invasive approaches can be used. Histological and molecular techniques allow subcellular
and molecular level analyses. However, these invasive techniques are not suitable for kinetic
and/or functional studies. Non- or minimally invasive imaging techniques can obtain
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temporal dynamics and quantitatively determine physiological functions. However,
clinically available imaging techniques such as PET, CT, and MRI do not have sufficient
spatial resolution to visualize cellular and subcellular levels (3). Intravital microscopy
(IVM), an optical microscopy technique applying to study living organisms, can overcome
these limitations. VM has the highest spatial resolution among imaging techniques
applicable for living tissues (1-10 um) and provides insights into various molecular and
cellular processes in vivo (2).

To perform quantitative VM, four essential components are required: (i) a tissue
preparation that permits optical access, (ii) a molecular probe that can be detected by a
microscope, (iii) a microscope and detection system, and (iv) computer algorithms and
mathematical models that can extract parameters of interest from the imaging data set (Fig.
1A).

The following three different kinds of tissue preparations can be used for IVM: (i) in situ
preparations; (ii) acute (exteriorized) tissue preparations; and (iii) chronic-transparent
windows. Each preparation has advantages and disadvantages. In situ preparation such as
ear and tail does not require any invasive preparation, but accessible tissues are limited.
Acute exteriorization can be applied to virtually any tissue with variable degrees of
difficulty. However, the duration and frequency of the observation is limited and the
preparation procedures may affect the physiological parameters. Window models such as
dorsal skinfold chamber and cranial window require surgical implantation and sufficient
recovery time after the implantation, but permit chronic and repeated observations
thereafter.

Once the tissue preparation is ready for observation, the animal is transferred to the specially
designed microscope stage and the tissue is visualized using an appropriate exogenous or
endogenous molecular probe depending on the parameters of interest (Table 1).

Historically, the superior resolution of light microscopy has come at the expense of
diminished depth penetration (2). Light scattering and absorption within tissues limit typical
epifluorescence and confocal laser scanning microscopes (CLSM) to penetrating ~100
microns into the body. The multiphoton laser-scanning microscope (MPLSM) has recently
emerged as a useful technique for high-resolution, non-destructive, chronic imaging within
living tissues (4). MPLSM has markedly superior depth penetration in tissues and in
combination with chronic window models allows repetitive imaging at depths of several
hundred microns within living tissue while retaining submicron spatial resolution (4).

IMAGING TUMOR VESSELS

Abnormal blood vessel architecture and function in tumors

The most common application of IVM is to determine the size and architecture of tumors
and their vasculature, parameters often of interest with regard to dormant tumors and
metastases. To visualize blood vessels, RBCs can be used as an endogenous contrast agent
under conventional transillumination, linearly polarized light (5), or optical coherence
tomography (6). For fluorescence microscopy, high-molecular-weight fluorescent tracers
(e.g. FITC-conjugated 2000 kDa dextran) are injected to demarcate the blood vessel before
it begins to leak appreciably into the extravascular compartment. Vessel diameter, length,
surface area and volume as well as branching patterns and intercapillary distance in a
growing or regressing tumor have been described (7,8). The normal microvessels consist of
differentiated units such as arterioles, capillaries and venules, and form a well-organized
architecture with dichotomous branching and hierarchic order (Fig. 1B) (9). In contrast,
tumor vessels are dilated, saccular, tortuous, and heterogeneous in their spatial distribution
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(Fig. 1C) (10). Tumor vasculature is disorganized and has trifurcations and branches with
uneven diameters. Fractal analysis of normal and tumor vascular networks reveals that the
former are optimally designed to provide nutrients by diffusion to all normal cells (so-called
diffusion-limited aggregation), whereas the latter are restricted by the mechanical properties
of the matrix (called invasion percolation) (11,12). The molecular mechanisms causing these
abnormal vascular architectures are not well understood, but the imbalance of pro- and anti-
angiogenic factors is considered to be a key contributor (13). Solid (mechanical) stress
generated by proliferating tumor cells also compresses vessels in tumors (14,15). The
combination of both molecular and mechanical factors may render the tumor vasculature
abnormal.

Furthermore, blood perfusion in tumors is spatially and temporally heterogeneous
(4,7,10,16-19). Overall perfusion rates (blood flow rate per unit volume) in many tumors are
lower than those in many normal tissues and the average RBC velocity in tumor vessels can
be an order of magnitude lower than in normal vessels (Fig. 1D, E) (4,7,16). Unlike normal
vessels, RBC velocity is independent of the diameter of tumor vessels. Arteriovenous
pressure difference and flow resistance govern blood flow in a vascular network. Flow
resistance is a function of geometric (vascular architecture) and viscous (blood viscosity,
rheology) resistances. Abnormalities in both vasculature and viscosity increase the
resistance to blood flow in tumors (10). Focal leaks, which often exist in some of the tumor
vessels, may also compromise the downstream blood flow. The heterogeneity of tumor
blood flow hinders the delivery of therapeutic agents to tumors and causes an abnormal
microenvironment in tumors. The latter, in turn, compromises the effectiveness of various
therapies, and selects for more aggressive and metastatic cancer cells (20).

IVM observations also reveal that leukocyte-endothelial interactions are generally low and
heterogeneous in tumor vessels (17-19,21-24). Exogenously injected activated lymphocytes
can adhere to some tumor vessels but not others (25,26). These heterogeneous leukocyte
adhesions may reflect heterogeneous expression of adhesion molecules on tumor vessels.
Local imbalance of angiogenic factor signaling may also contribute to these heterogeneities.
VEGF up-regulates various adhesion molecules, including ICAM-1, VCAM-1, and E-
selectin, whereas bFGF and Ang-1 downregulate these adhesion molecules in vascular
endothelial cells (27-29). The link between angiogenesis (VEGF) and inflammation
(leukocyte adhesion) has also been shown in a number of in vivo models (30-32).
Furthermore, myeloid cells migrated in tumors facilitate angiogenesis and tumor growth,
and in some cases mediate resistance to anti-angiogenic treatments (33,34).

Vessel wall structure is abnormal in tumors (35-37). Large interendothelial junctions,
increased numbers of fenestrations, vesicles and vesicovacuolar channels, and a lack of
normal basement membrane are often found in tumor vessels (38,39). Perivascular cells
have abnormal morphology and heterogeneous association with tumor vessels. In agreement
with these structural alterations in the tumor vessel wall, vascular permeability of solid
tumor vessels is generally higher than that of most normal vessels (40-42). Extravasation of
molecules from the bloodstream occurs by diffusion, convection, and, to some extent, by
transcytosis in an exchange vessel. Diffusion is considered to be the major form of
transvascular transport in tumors (43). The diffusive permeability of a molecule depends on
its size, shape, charge, and flexibility as well as the transvascular transport pathway.

Owing to the physical limitations of optical microscopy, it is not possible to directly
measure the dimensions of submicron structures in vivo. However, such measurements can
be made by monitoring the movement of fluorescent nanoparticles in the tissue. By titrating
the extravasation of nanoparticles of increasing size, we found that the cut-off size of
“pores” in the walls of tumor vessels varied from ~100 nm to 2 um depending on the tumor
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type, the location of its growth, and whether it is growing or regressing (42,44). The large
pore size characteristic of most tumor vessels means that they lack permselectivity (45).
Furthermore, the biggest challenge in transvascular transport in tumors stems from the
spatial and temporal heterogeneity in permeability (44,45), which restricts access to some
regions of tumors. However, it is possible to lower the vascular permeability of a tumor by
blocking VEGF signaling (8,46). Anti-angiogenic therapy can alleviate vascular
hyperpermeability-associated abnormalities such as high interstitial fluid pressure and
edema, and thus improve patient symptoms and treatment outcome (47,48).

Abnormal lymphatics in tumors

IVM has also provided powerful insights into the pathophysiology of lymphatics in and
around tumors. In most normal tissues, excess fluid and macromolecules are reabsorbed by
the lymphatic capillaries and brought back to the thoracic duct. Using two different intravital
methods, fluid velocity in the lymphatic capillaries was ~1 to 10 um/s—considerably faster
than the interstitial fluid velocity (~ 0.1 um/s), but slower than blood velocity (~ 100-1000
um/s) (49-51). Fluorescence microlymphangiography of tumors growing in the tail of mice
has shown that the lymphatics in the tumor margin are hyperplastic, similar to those in the
skin of mice engineered to overexpress VEGF-C, a lymphangiogenic growth factor, in their
keratinocytes (52-54). The diameters of these lymphatics in the tumor margin increase even
further in tumors that overexpress VEGF-C (53,55). Surprisingly, overexpression of VEGF-
C does not induce any functional lymphatics within these tumors. Proliferating tumor cells
in a confined space create mechanical stress (solid stress) which compresses intratumor
lymphatic vessels (14). Consequently, there are no functional lymphatic vessels inside solid
tumors (52,53). Even if the structures with lymphatic endothelial markers are present in
tumors, they do not transport fluid or macromolecules. The lack of functional lymphatics
within tumors is a key contributor to the interstitial hypertension measured in animal and
human tumors (56,57). In contrast to the lack of functional intratumor lymphatics, functional
lymphatic vessels are present in the tumor margin and the peritumoral tissue (Fig. 1F, G)
(53,58). These peritumoral lymphatic vessels are hyperplastic and collect fluid, growth
factors and cells exiting from tumors. IVM can detect GFP-labeled tumor cells traveling in
these peritumor lymphatics and their arrival in the nearby lymph node, indicating that the
hyperplastic lymphatics in the tumor margin carry metastatic tumor cells and mediate
metastases via the lymphatic system.

IMAGING MICROENVIRONMENT

Abnormal metabolic environment in tumors

Molecular probes that change their optical properties as a function of pO, and pH have been
successfully used to monitor the metabolic microenvironment in tumors by intravital
microscopy (59). Hypoxia and acidosis are the hallmarks of an abnormal metabolic
environment in solid tumors (Fig. 2A) (59-61). Owing to their abnormal structure and
function, tumor vessels are unable to deliver adequate levels of nutrients and oxygen to
tumors and to remove acidic waste products out of tumors. Local imbalance of angiogenesis
and tumor cell proliferation makes hypovascular regions in tumors. The regions far from
blood vessels become chronically hypoxic (chronic or diffusion-limited hypoxia) and acidic
(Fig. 2A). As discussed, blood flow in tumor vessels is temporally heterogeneous. The
intermittent blood flow causes periodical hypoxia in a tumor which is called acute or
perfusion-limited hypoxia (62,63). Even the presence of blood flow does not guarantee the
delivery of oxygen in solid tumors. High-resolution intravital microscopy revealed that some
of the perfused tumor vessels carry almost no oxygen and there is no clear relationship
between blood flow rate and oxygen tension (pO,) of individual tumor vessels (59).
Moreover, simultaneous high-resolution mapping of tissue pO, and (phosphorescence
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quenching microscopy) and pH (fluorescence ratio-imaging microscopy) revealed that there
is a lack of spatial correlation among these parameters (59). These findings have significant
implications since both pO, and pH are important determinants of tumor growth,
metabolism, and response to a variety of therapies (64,65).

Radiation therapy and many chemotherapeutics generate free radicals in the presence of
oxygen and damage DNA (64,65). Thus, hypoxia in solid tumors significantly reduces
sensitivity to treatments with radiation and these drugs. Since intracellular pH is neutral,
acidic extracellular pH decreases the cellular uptake of weakly base drugs, and thus their
efficacy (64). Hypoxia and/or acidosis also compromise the function of immune cells
targeting tumors and reduce the efficacy of host immune response and cell-based therapies.
The hostile metabolic environment in tumors may select for tumor cells that are more
malignant, aggressive and genetically unstable, and less susceptible to apoptosis, thus
rendering them resistant to various therapies and highly invasive and metastatic (66-68).
Finally, both hypoxia and acidic pH can induce expression of angiogenic factors, and thus
contribute to growth and metastasis of tumors (69).

Regulation of angiogenic gene expression by metabolic microenvironment

The most exciting and innovative application of molecular imaging would be the monitoring
of gene expression and regulation in vivo. The recent discovery and commercial availability
of live fluorescent reporters such as blue, cyan, green, yellow, red and far red fluorescent
proteins (BFP. CFP, GFP, YFP, DsRed and HcRed) has made this feasible. By creating
transgenic cell lines or animals that harbor GFP or its spectral variants under the control of
the promoter of the gene of interest, it is now possible to monitor promoter activity as well
as the microenvironmental parameters that regulate this activity (70,71).

Hypoxia upregulates various angiogenic growth factors, including vascular endothelial
growth factor (VEGF), angiopoietin (Ang) 2, platelet-derived growth factor (PDGF),
placenta growth factor (PIGF), transforming growth factor a (TGFa), interleukin (IL)-8, and
hepatocyte growth factor (HGF) (60). Of the various molecules involved in sensing and
responding to hypoxia, hypoxia-inducible factor 1o (HIF1a) is considered to be the master
regulator of oxygen homeostasis (72). This transcriptional factor is upregulated in a number
of human tumors (60). HIF1a binds to the hypoxia-responsive element (HRE) in the
promoter of hypoxia-responsive genes such as VEGF, PDGF and TGFa and induces their
expression (60,72). A few other factors, such as IL-8 and PIGF, are activated by HIF-
independent mechanisms (60,73). Hypoxia may also play an important role in the
angiogenic switch that is required for tumor growth and expansion in mass.

Low extracellular pH causes stress-induced alteration of gene expression, including the up-
regulation of VEGF and IL-8 in tumor cells in vitro (74). Despite its importance, the effect
of the low and heterogeneous interstitial pH on VEGF expression in vivo, especially in
relationship to hypoxia, remained unknown for many years due to the lack of appropriate
techniques and animal models. The combination of fluorescence ratio imaging microscopy
for pH measurements (75), phosphorescence quenching microscopy for pO, measurements
(76) and transgenic technology for visualization of VEGF promoter activity (70) has
allowed the coordinated study of pH, pO5, and VEGF expression in vivo (Fig. 2B) (71).
Detailed analysis indicated that in low pH or oxygenated regions, tissue pH, but not pO,,
regulates VEGF promoter activity. Conversely, in hypoxic or neutral pH regions, tissue pOo,
and not pH, regulates VEGF expression (71). Tissue pO, and pH appeared to regulate
VEGF transcription in tumors independently. In fact, analysis of the VEGF promoter region
revealed that acidic pH induces VEGF expression via the Ras-ERK1/2-AP1 pathway but not
the HIF-HRE-mediated pathway (74). Taken together these data suggest that two key
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microenvironmental parameters in solid tumors regulate angiogenic factors in a
complementary manner.

Involvement of host stromal cells in tumor angiogenesis

It is becoming increasingly apparent that the development and pathophysiology of a tumor
cannot be explained simply by the genes in the tumor cells (77). We are beginning to
understand that host stromal cells profoundly influence many steps of tumor progression,
such as tumor cell proliferation, invasion, angiogenesis, metastasis, and even malignant
transformation (70,78-83). Interactions between the diverse cell types within a tumor, via
both soluble factors and direct cell-to-cell contact, play an important role in the induction,
selection, and expansion of the neoplastic cells. Successful tumor cells are those that have
acquired the ability to co-opt their normal neighbors by inducing them to release abundant
fluxes of growth-stimulating signals (77,79,81).

Intravital observation of tumors grown in a GFP reporter mouse revealed that stromal
fibroblasts express VEGF in tumors especially abundantly at the host-tumor interface (70)
(Fig. 2C). Furthermore, VEGF-expressing stromal cells co-localize with the vasculature and
even surround tumor blood vessels deep inside the tumor (4) (Fig. 2C). These findings
suggest that activated fibroblasts are involved in angiogenesis, fortification of blood vessels,
and function of these vessels. In fact, co-implantation of fibroblasts enhanced the
tumorigenicity of breast cancer cells in vivo (84). Carcinoma-associated fibroblasts promote
tumor growth and angiogenesis through secretion of SDF-1/CXCL12 (85). Furthermore,
mesenchymal stem cells increase breast cancer metastasis via secretion of CCL5/RANTES
(86). In addition to fibroblasts, inflammatory cells recruited to tumors may also promote
(rather than eliminate) angiogenesis and tumor cell growth (80,87). Some studies show the
relative contribution of stromal cells and tumor cells in the expression of VEGF in tumors.
For example, teratomas derived from VEGF-deficient embryonic stem cells (ES cells) show
VEGEF levels and angiogenic activity about one-half of that in tumors derived from wild-
type ES cells, suggesting that host stromal cells can produce approximately half of the total
VEGF in this tumor type (32). On the other hand, late-stage orthotopic pancreatic tumors
expressed significantly higher tumor cell-derived VEGF compared to early-stage or
ectopically grown tumors (88). The ratio of tumor-to-host-derived VEGF and other growth
factors may vary depending on tumor type, stage, and organ site.

Regulation of angiogenesis and vessel functions by organ microenvironment

Angiogenesis and functions of resultant vessels differ significantly between the same tumors
grown in different host organs (2,89). For example, murine melanomas grown in a cranial
window have higher vessel density and branching, and relatively smaller vessel size as
compared to those in the same tumors grown in a dorsal skin chamber (Fig. 2D) (90). A
human glioma (HGL21) has fairly leaky vessels when grown subcutaneously in
immunodeficient mice, but it exhibits blood-brain barrier properties in the cranial window
(91). Furthermore, the vascular pore cut-off size (the maximum functional pore size for
transvascular transport of macromolecules through the vessel wall) in various tumors
decreased when the tumors were grown in the cranial window as compared to the dorsal skin
chamber (42). Organ-specific upregulation of angiogenic factors is one of the mechanisms
causing differential angiogenic activity. In agreement with the higher angiogenic activity
(Fig. 2D), the murine melanomas exhibit higher tissue nitric oxide levels when grown in the
cranium compared to the same tumors grown subcutaneously (90). Human renal cell
carcinoma xenografts grown orthotopically in the kidneys of immunodeficient mice were
highly vascularized and metastatic, and expressed 10- to 20-fold higher levels of bFGF
MRNA than those from the same tumor grown subcutaneously (92). Human colon cancer
and melanoma grown in the liver expressed lower levels of VEGF and IL-8 mRNA,
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respectively, and had a lower vessel density than those in subcutaneous tissue (19,93). The
expression of endogenous anti-angiogenic factors is also regulated by the organ-specific
host-tumor interaction. Human gall bladder primary tumors inhibit angiogenesis and growth
of secondary tumors at a distant site in a TGFB1-dependent mechanism. This result was
observed when the primary tumors were grown in the gall bladder (orthotopic) but not in the
subcutaneous space (ectopic) (94).

Furthermore, the response of the blood vessels to a given stimuli may also vary depending
on the host organ site and host-tumor interaction. With the presence of a blood-brain barrier,
a significantly higher amount of VEGF was required to induce vascular hyperpermeability
in normal vessels in the cranial window than in the dorsal skin chamber (44). On the other
hand, the cranial environment is more angiogenic and forms new vessels faster than the
subcutaneous tissue in response to a given angiogenic factor such as VEGF and bFGF (95).
These differences are presumably due to differences in the phenotype of vascular endothelial
cells, which is defined by their origin, by cell-cell and cell-matrix interactions, and by the
local microenvironment. These findings indicate that VEGF level alone may not be a
sufficient predictor of angiogenesis or vascular permeability in the tumors growing in
different organs. Indeed, the vascular permeability of LS174T human colon cancer grown in
the liver versus subcutaneous space was inversely correlated with the expression levels of
VEGF at these sites, while angiogenesis paralleled the VEGF levels (19). Conversely, higher
VEGF expression and permeability but lower angiogenesis was observed in ZR75 human
breast cancers grown in the mammary fat pad (primary site) compared to those grown in the
cranial window (meta-static site) (96). Knowledge of organ-dependent profiles of gene
expression and protein level as well as responsiveness to these factors, in stromal cells and
tumor cells from different organ microenvironments, will provide new insights into tumor
biology and should allow us to understand why a given tumor behaves differently in
different organs.

IMAGING PHYSIOLOGICAL ANGIOGNESIS

Adipogenesis and angiogenesis

Fat tissue is highly vascularized (Fig. 3A) and has long been known to be highly angiogenic.
Surgeons have been using adipose tissue grafts to promote wound healing and to
revascularize ischemic tissues since the early 17th century. Adipocytes produce a variety of
angiogenic factors, including VEGF, basic fibroblast growth factor (bFGF), leptin and
matrix metalloproteinases (MMPs) (97). Obese patients exhibit elevated serum VEGF level
(98). Several recent studies demonstrated that fat tissue development is angiogenesis
dependent by using anti-angiogenic/anti-vascular agents as well as genetically engineered
animal models (99-102).

Furthermore, we have shown that there is reciprocal regulation between adipogenesis (fat
cell differentiation) and angiogenesis, and that VEGF signaling mediates this relationship.
Preadipocytes differentiate into fat-storing mature adipocytes after implantation in the
mouse dorsal skin chamber model. This process is accompanied by a vigorous angiogenic
response. When adipogenesis in the preadipocytes is genetically inhibited, there is no
angiogenesis. On the other hand, when angiogenesis is inhibited by an anti-VEGF receptor
antibody, the proliferation and differentiation of preadipocytes is also inhibited (Fig. 3A).
This paracrine reciprocal regulation between endothelial cells (growth of new blood vessels)
and preadipocytes (differentiation into adipocytes) is mediated at least in part by a VEGF-
induced factor that promotes adipogenesis (101).

It should be noted that newly developed blood vessels induced by implanted preadipocytes
become mature and stable with the maturation of adipose tissues. Initially vessel structure is
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mesh like, similar to tumor vessels. However, these vessels were remodeled and
differentiated into functional units such as arterioles, capillaries and venules (Fig. 3A). As
many angiogenesis models develop only immature blood vessels, an adipogenesis model
provides an ideal platform to study the complete process of angiogenesis, vessel remodeling
and maturation in adult tissues.

Tissue engineered blood vessels

The formation of new blood vessels in adult tissues was thought to occur exclusively
through the process of angiogenesis, where the newly formed vessels are derived from
preexisting blood vessels (103,104). The alternate process, vasculogenesis, defined as the de
novo formation of blood vessel from endothelial progenitor cells, was thought to occur only
during development (105). The discovery of circulating endothelial and smooth muscle
progenitor cells along with the subsequent in vivo studies of their functions caused a
paradigm shift (106,107).

Although endothelial precursor cells can initiate the process of neovascularization, they
cannot complete this process by themselves. Endothelial cells initially form a naked tube
that is highly permeable and unstable (108). For vessel maturation and stabilization, the
naked endothelial tube undergoes a series of steps to recruit and to differentiate perivascular
cells to line the outer layer of the vessels (109,110). Perivascular cells such as vascular
smooth muscle cells and pericytes are thought to provide the vessels with structural
integrity, lay down basement membrane, and provide the endothelial cells with necessary
survival factors (111).

To date the emphasis in therapeutic angiogenesis has been almost exclusively on studies of
endothelial cells. Engineered blood vessels have often been found to be immature and
unstable (112), and the lack of proper perivascular cell support is likely to be one of the
main reasons for this instability. We have shown that engineered vessels can become long
lasting with stable vasculature by incorporating perivascular cells (113) (Fig. 3B). Co-
implantation of human umbilical vein endothelial cells (HUVECSs) and 10T1/2 cells, a
mesenchymal precursor cell line that is capable of differentiating into perivascular cells
through heterotypic interaction with endothelial cells (109), results in small diameter blood
vessels that remain patent for over 1 year with good functionality, and display proper
coverage of perivascular cells. While these results are encouraging, this model is not
immediately applicable in the clinic because HUVECs and 10T1/2 cells are not
immunocompatible with human patients.

Human embryonic stem cells (hESCs) are pluripotent, capable of differentiating into all cell
types in a body. We and others have demonstrated that hESC-derived endothelial cells have
the ability to form functional blood vessels in vivo (114,115). We observed that some of the
hESC-derived blood vessels persisted for more than 150 days as functional, blood-perfused
vessels. However, there are significant scientific and ethical challenges when using hESCs
in the clinic. Recently we and others have been able to reproduce these results using human
bone marrow-derived mesenchymal stem cells (hnMSCs) or human saphenous vein smooth
muscle cells (HSVSMCs) instead of the 10T1/2 cell line, and using endothelial progenitor
cells from umbilical cord blood instead of HUVECSs (116-118). By using cell sources that
are compatible with the human body, these studies have brought our method one step closer
to possible clinical utilization.
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Tumor response to a new treatment is typically assessed by the reduction or stabilization of
tumor size and survival time of the animals. Various parameters obtained by IVM can
provide mechanistic and integrated insights into the response of tumors. These insights have
led to new strategies for improving cancer detection and treatment. For an example, during
the course of various direct and indirect anti-angiogenic therapies, tumor vessels
occasionally develop a normal-like phenotype: their diameter decreases, they become
straighter and less tortuous, and their fractal dimension begins to decrease toward the
diffusion-limited aggregation regime (8,12,31,46,119). As discussed earlier, excess
production of proangiogenic molecules and/or diminished production of anti-angiogenic
molecules may cause the abnormalities in vessels and microenvironment in tumors resulting
in insufficient drug delivery and therapeutic efficacy (13). Targeting angiogenic signaling
may reverse these abnormalities and improve concomitantly administered cytotoxic
therapies. Indeed, anti-VEGF treatments have been shown to improve tumor vasculature and
micro-environment in various tumor models (8,39,120-123). Bevacizumab (anti-VEGF
antibody) and DC101 (anti-VEGFR2 antibody) prune some tumor vessels and remodel the
remaining vasculature in human colon cancer and glioma xenografts as well as murine
breast cancers so that it more closely resembles the normal vasculature (Fig. 4A) (8,39,120).
The anti-VEGF treatments reduce the size and length as well as permeability of these
abnormally dilated and tortuous vessels (8,39,120). The “normalized” vasculature during the
anti-VEGFR?2 treatment has greater coverage of perivascular cells and a more normal
thickness of basement membrane in breast cancers, squamous cell carcinomas and gliomas
(39,120,124). These changes in tumor vasculature are accompanied by normalization of the
tumor microenvironment. Bevacizumab, DC101 and SU11657 (small molecule inhibitor of
VEGFRs and PDGFR) decrease tumor IFP in breast, colon cancers and gliomas (120-122).
Decreased IFP restores pressure gradient across the blood vessel wall as well as the tumor
interstitium, and thus increases drug penetration in tumors (55,120,123). Both Bevacizumab
and DC101 improve tumor tissue oxygenation in human glioma xenografts (39,121). As a
result, the efficacy of radiation treatments is significantly improved when combined with
anti-VEGF treatments (39,121,125).

Similar normalization has been observed following indirect anti-angiogenic treatments,
which target upstream signaling of angiogenic factors or modulate response to angiogenic
factors. The blockade of human epidermal growth factor receptor (HER)-2 signaling by a
neutralizing antibody trastuzumab downregulates angiogenic factors such as VEGF, TGFa,
Angl, and PAI-1, and also induces anti-angiogenic factor thrombospondin-1; thus,
trastuzumab acts as an anti-angiogenic cocktail against HER2-expressing tumors (119).
Trastuzumab normalizes the vasculature of HER2 over-expressing human breast cancer
xenografts (119). Vessels in the trastuzumab-treated tumors have diameters and vascular
permeability closer to those of normal vessels (Fig. 4B) (119).

Manipulating levels of nitric oxide (NO), a gaseous mediator involved in many biological
processes, including angiogenesis and vessel maturation (126), is an alternative strategy to
normalize the disorganized network of blood vessels supplying tumors (127). Many NO
functions depend on dose and localization of NO. Vascular endothelial cell-derived NO
mediates not only angiogenesis but also perivascular cell recruitment and subsequent
stabilization of blood vessels (90). On the other hand, non-vascular NO such as that
produced by tumor cells may interfere with vessel maturation in solid tumors. We have
shown that eliminating NO production from tumor cells via neuronal NO synthase (nNOS)
silencing establishes perivascular NO gradients in human glioma xenografts in mice and
normalizes the tumor vasculature (Fig. 4C) (127). Vessels in the nNOS-silenced tumors
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were more evenly distributed and less distorted, more associated with perivascular cells and
less leaky than those in the control tumors (127). These vascular alterations resulted in
improved tumor oxygenation and response to radiation treatment (127). Thus, creation of
perivascular NO gradients may be an effective strategy for normalizing abnormal
vasculature. Combining the use of angiogenesis inhibitors, which normalize vasculature
through a different mechanism, with the blockade of nonvascular NO production may
produce even greater improvement in therapeutic outcomes.

FUTURE PERSPECTIVES

Intravital microscopy has provided useful insights into angiogenesis and tumor biology
(1,20,128,129). Although there are still limitations, several key challenges are beginning to
be resolved with the progress in optical technologies, probes and animal models. Currently,
the most widely used microscopy techniques are surface weighted. We would need to study
functional parameters inside tumors due to their spatially heterogeneous nature. The advent
of multi-photon microscopy (MPLSM) was a major breakthrough since it can provide
images over 500 micrometers in depth, depending on the tissue and tracer used (4,130-132).
Although it is not sufficient to penetrate entire organs, it can now provide 3-D information
in vivo. Other optical methods such as optical coherence tomography (OCT) can image
further deeper regions (133,134). Although OCT cannot image fluorescent probes as
MPLSM does, it can provide complementary structural and functional information. With
more research in this area, we may be able to obtain dynamic images of the whole tumor
with high spatial resolution in the near future.

Image acquisition rate and speed of imaging are also improving (135-137). High-speed
imaging is necessary to capture dynamic events such as blood flow, leukocyte—endothelial
interactions, tumor-cell-blood-vessel interactions, and movement of small molecules (138).
Furthermore, it will enable high-throughput screening of large 3-D volume of tumors to
detect specific cellular interactions, such as incorporation of labeled specific cell populations
and the initial stage of colonization of a secondary site/organ by metastatic cancer cells.
Such kinetic information is vital for understanding the biology of tumors and for optimizing
therapeutic approaches.

Currently, most IVM set-ups are bulky bench top devices. The size and bulk of current
devices limits their application. However, an increasing effort is being made to miniaturize
the cameras and microscopes to make the whole unit hand-held (139,140). The development
of miniaturized endoscopic devices will also allow optical imaging of many interior surfaces
of the animal without surgical intervention, and will allow imaging of many other organs
and tissues via minimally invasive acute laparoscopy. The prototypes of these microscopes
successfully obtained some anatomical and molecular imaging, including blood vessel and
nerve morphology, calcium transients, reporter gene expression in brain, skin, bladder, liver
and colon, which are optically accessible with minimum invasion (141-144). In the future,
such miniaturized microscopes and/or microendoscopes will become commonplace and the
regions of patients and experimental animals accessible to optical microscopy will greatly
increase.

Molecular probes to interrogate various molecular and cellular processes taking place in vivo
are also rapidly developing (145,146). Novel nanocrystal probes in combination with live
reporters such as GFP and their variants will allow us to image multiple events (visualized
by distinct colors and their combination) simultaneously (147). With these improvements in
microscopy and probes, in vivo microscopy will continue to offer new opportunities for
unexpected discoveries in tumor biology as well as cancer detection and treatment.
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Fig. 1.

Imaging of tumor blood and lymphatic vessels. (A) Schematic intravital microscopy set up.
An appropriate animal model, imaging probe(s), microscope, and image acquisition and
analysis system are a prerequisite of intravital microscopy. (B—C) Multiphoton laser
scanning microscopy image of normal blood vessels (B) and tumor vessels in LS174T
human colon cancer xenografts (C) in mouse dorsal skin chambers. Blood vessels are
contrast enhanced by FITC-dextran. Bar=100 pm. (D-E) Blood flow determined by
intravital microscopy in normal pial vessels (maximum bead velocities, D) and tumor
vessels in MCalV murine breast cancer and U87 human glioma (RBC velocities, E) in
mouse cranial windows. (F) FITC-dextran microlymphangiography of normal and peritumor
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lymphatics in mouse ears. Bar=850 um. Lymphatic vessels are hyperplastic in the peritumor
region and ear base (further downstream) of the T241 fibrosarcomas overexpressing VEGF-
C. (G) GFP-positive tumor cells (green) are observed entering the cervical lymph node from
afferent lymphatic (red, arrow) by MPLSM. Bar=100 um. VEGF-C overexpression
significantly increases arrival of tumor cells in the lymph node. Macroscopic lymph node
metastasis increases with the increase of tumor cell arrival in the lymph node (58). B-C,
courtesy of Dr. Edward Brown; D-E, adapted from (7); F-G, adapted from (58).
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Fig. 2. Imaging of tumor microenvironment and role of host-tumor interaction in angiogenesis
(A) Mean interstitial pH and pO, profiles in LS174T tumors in the dorsal skin chambers as
one moves away from the nearest blood vessels. Tissue pO, and pH were determined by
phosphorescence quenching microscopy with a porphyrin probe and fluorescence ratio-
imaging microscopy with BCECF, respectively. Open squares, pH; closed triangles, pO,. X-
axis corresponds to distance from the vessel wall. (B) VEGF promoter activity (green),
tissue pO, (blue) and pH (red) in U87 tumors. Left, intravital microscopy image of GFP
driven by VEGF promoter. The three parameters are determined along the yellow line.
Center, this tumor is well oxygenated and there is no correlation between tissue pO, and
VEGF promoter activity. Right, on the other hand, the peak of VEGF promoter activity is
observed in the acidic pH region. (C) Imaging of VEGF promoter activity in host stromal
cells. MCalV murine breast tumor is grown in the dorsal skin chamber of a transgenic
mouse expressing GFP under the control of VEGF promoter. Left, activated fibroblasts
exhibit strong VEGF promoter activity (green) at the host-tumor interface. Right, VEGF
expressing host cells associate with blood vessels (red) inside tumors. Bar=200 pum. (D)
Microangiography of B16F10 murine melanoma grown in the dorsal skin chamber (left) and
cranial window (right). Bar=1 mm. A, adapted from (59); B, adapted from (71); C, adapted
from (4); D adapted from (173).
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Imaging of physiological angiogenesis. (A) Angiogenesis and vessel remodeling during
adipogenesis in the SCID mouse dorsal skinfold chamber after 3T3-F442A preadipocytes
implantation. Blood vessels are contrast enhanced by the intravenous injection of FITC-
dextran (2000 kDa). Bar=100 um. (B) Morphological and functional analyses of engineered
blood vessels. Vascular endothelial cells (HUVECS) and perivascular cell precursor cells
(10T12/2 cells) or HUVECs alone were seeded in the collagen-fibronectin 3-D constructs and
implanted in the cranial window in SCID mice. Top, 2-D projection of 3-D intravital multi-
photon laser-scanning microscopy images of tissue-engineered blood vessels (EGFP
expressing HUVEC, green; functional blood vessels contrast enhanced with rhodextran,
red). Top left, 4 days after implantation of HUVEC+10T1/2 construct. Large vacuoles in the
tubes resemble the lumens of capillaries (arrows) but they are not perfused (no red). Top
right, 4 months after implantation of HUVEC+10T1/2 construct. Engineered vessels are
stable and functional. Bottom left, Temporal changes in functional density of tissue-
engineered blood vessels (total length of perfused vessel structure per unit area). N=4, mean
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+ SEM; *P<0.05. Bottom right, MPLSM image of engineered vessels, 4 weeks after

implantation of HUVEC+EGFP-expressing 10T1/2 construct. Scale bar=50 pm. A, adapted
from (101); B, adapted from (113).
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Tumor vascular normalization. (A) Changes in tumor vasculature during the course of anti-
angiogenic therapy. Compared to the well-organized structure of normal vessels (Normal,
far left), tumor vasculature is structurally and functionally abnormal (Abnormal, middle
left). Anti-angiogenic therapies initially alleviate these abnormalities (Normalized, middle
right). However, sustained or excessive anti-angiogenic treatments result in significant
vessel reduction, and thus inadequate delivery of drugs or oxygen (Inadequate, far right).
(B) Normalization of tumor vasculature by trastuzumab treatment. Microangiography in
control and trastuzumab-treated MDA-MB-361HK tumors grown in the cranial window in
SCID mice. Bar=100 um. (C) Normalization of tumor vasculature by perivascular NO
gradients. Tissue distribution of NO in U87 tumors grown in the cranial window in Rag-1~/~
mice was visualized by means of DAF-2T fluorescence imaging using MPLSM. NO-
sensitive fluorescence probe DAF-2 is converted to DAF-2T in the presence of NO,
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increasing fluorescence by a factor of 200. Parental U87MG (Top row) or nNOS-shRNA58-
transfected-U87 (Bottom row) tumors were studied. (Left) Microangiography using
tetramethylrhodamine-dextran (2000 kDa). (Middle) Representative DAF-2T
microfluorography captured 60 min after the loading of DAF-2 in tumors. (Right)
Pseudocolor representation of DAF-2T microfluorographs. Color bar right shows calibration
of the fluorescence intensity with known concentrations of DAF-2T. Bar=100 pum. A,
adapted from (174); B, adapted from (119); C, adapted from (127).
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TABLE 1

Examples of parameters measured and probes used in intravital microscopy
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Parameter Molecular probe Reference

Molecular imaging

Micropharmacokinetics FITC-antibody, TMR-liposome (148,149)
Microenvironment (pH, pO,, NO) BCECF, BSA-porphyrin, DAF-2 (59,76,90,127,150,151)
Enzyme activity (cathepsin B, protein NIRF probe-graft copolymer, CFP-14-3-3t-YFP reporter gene (3,152,153)

kinase A, tyrosine kinase)
Gene expression

Cellular imaging
Tracking cancer cells
Tracking leukocytes
Tracking other cells
Anatomical imaging
Tumor size

Vascular architecture (diameter, length,
surface area, volume, branching patterns)

Lymphatic architecture (diameter, length,
branching patterns, valves)

Extracellular matrix
Pore size

Functional imaging
Blood flow rate
Lymph flow rate
Vascular permeability

Interstitial diffusion, convection, and
binding

GFP reporter gene

GFP, calcein, fluorescent nanosphere
Rhodamine 6G, calcein

GFP, nanocrystals

Endogenous contrast, GFP, OCT

Endogenous contrast, OPS, fluorescent dextran, nanocrystals
Fluorescent dextran, nanocrystals

Second harmonic generation (type I collagen)

TMR-liposome/microsphere with varying size

Fluorescent dextran, RBC (fluorescent, endogenous contrast), OCT
FITC dextran
TMR/Cy5-BSA, nanoparticles, nanocrystals

Fluorescent BSA, 1gG, dextran, liposome, nanoparticles

(4,70,71,154-156)

(37,58,157-163)
(4,17,21-23)
(4,101,113,127,147)

(16,158)
(5,8,16,147,149)

(49,50,53,58,138,164,165)

(166)
(42,44)

(4,16,167-169)
(50,51,58)
(4,40,41,147,170)
(148,171,172)

FITC, fluorescein isothiocyanate; TMR, tetremethylrhodamine; BCECF, 2',7'-bis-(2-carboxyethyl)-5,6-carboxyfluorescein; BSA, bovine serum

albumin; porphyrin, palladium meso-tetra (4-carboxyphenyl) porphyrin; NIRF, near-infrared fluorescence; CFP, cyan fluorescent protein; 14-3-3rt,
phosphoamino acid binding domain; YFP, yellow fluorescent protein; GFP, green fluorescent protein; VEGFp, vascular endothelial growth factor
promoter; OPS, orthogonal polarization spectral. This table is adapted and updated from (2).
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