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TRANS-ILLUMINATION
Microscope configuration in
which the light passes from the
illuminating condenser through
the tissue and then into the
objective lens. A green filter is
often used to increase the
contrast of haemoglobin.
Applicable only for imaging in
relatively thin tissues.

EPI-ILLUMINATION

Microscope configuration in
which light comes from the
objective lens to the tissue and is
then collected by the same
objective lens. This is useful for
both fluorescent and bright-field
(reflectance) microscopy. With
the use of appropriate molecular
probes and optical filters, specific
molecular, cellular, anatomical
and functional events can be
detected.
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For a systemically administered therapeutic agent to reach neoplastic cells, it must enter the
blood circulation, cross the vessel wall, move through the extracellular matrix and avoid getting
cleared by the lymphatics. In tumours, each of these barriers is abnormal, changes with space
and time, and depends on host-tumour interactions. Intravital microscopy has provided
unprecedented molecular, cellular, anatomical and functional insights into these barriers and has
revealed new approaches to improved detection and treatment.

Our investment in cancer research has provided phe-
nomenal insights into the molecular origins of cancer.
These insights have led to the identification of many
genes that are associated with oncogenesis, as well as a
wide array of new therapeutic approaches. The chal-
lenge now is to decipher the function of these genes not
only in vitro or insilico, but ultimately in an intact host.
A second challenge is to characterize and overcome the
physiological barriers to delivery and to improve the
efficacy of therapeutic agents in the tumour microenvi-
ronment. Intravital microscopy (IVM) has provided
powerful insights into gene expression and function in
tumours, revealed the crucial role of host—tumour
interactions in the biology of tumours and their
responses to therapy, and indicated new approaches to
improve cancer detection and treatment. So, what is
intravital microscopy? And how is it helping us to
understand how tumours behave?

Intravital microscopy

Traditionally, we have had two choices for measuring
gene expression, physiological and anatomical parame-
ters, and delivery and response to therapy in tumours: we
can use invasive techniques that require tissue excision, or
non-invasive techniques that have low spatial resolution
(mm-cm). The former limit our ability to obtain tempo-
ral dynamics, and the latter preclude visualization at the
cellular and subcellular levels (1-10 pm). Intravital
microscopy can overcome these limitations and provide

insights into various molecular and cellular processes
in vivo with high spatial and temporal resolution down to
the subcellular level*?,

In its simplest embodiment, quantitative IVM
requires four components (F1G. 1): first, a tissue prepara-
tion that allows visualization; second, a molecular probe
that can be detected by a microscope; third, a micro-
scope and detection system (for example, charged-cou-
pled device camera and computer); and fourth,
computer algorithms and mathematical models that can
be used to extract parameters of interest from the optical
information. In this article, we look at each component.

The tissue preparations fall into three broad cate-
gories (TABLE 1; FIG. 1): chronic-transparent windows;
acute (exteriorized) tissue preparations; and in situ
preparations. Each of these preparations can be used to
study normal tissue or an implanted tumour. The
tumour source can be a suspension of cancer cells or a
fragment of tumour tissue. Alternatively, a gel contain-
ing defined growth factor(s) or engineered cells can be
implanted in these tissue preparations. As with other
investigative tools, each preparation has its strengths
and weaknesses, and a combination of approaches is
normally warranted.

Once the preparation is ready for observation,
the animal is brought to the stage of a specially
designed microscope (FiG. 1). Depending on the
experimental aim, an appropriate exogenous or
endogenous molecular probe is used (TABLE 2), and
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Summary

+ Asolid tumour is an organ-like structure that consists of cancer cells and host stromal cells embedded in an
extracellular matrix and nourished by a vascular network. Intravital microscopy (VM) has provided unprecedented
molecular, anatomical and functional insights into the inner workings of this organ and provided a means for testing
the efficacy of various therapies.

+ IVM is a powerful optical imaging technique that allows continuous non-invasive monitoring of molecular and
cellular processes in intact living tissue with 1-10 pum resolution. Such resolution is currently not possible with non-
optical techniques.

* IVM requires an appropriate animal model, a molecular probe (usually fluorescent), a microscope equipped with a
digital camera detection system, an image acquisition system, and a computer to process and analyse the data to extract
parameters of interest.

* Molecular imaging has revealed heterogeneity in the tumour microenvironment (for example, pO,and pH) and the
delivery of therapeutics (micro-pharmacokinetics). The most celebrated applications of molecular imaging include
measurement of promoter activity, enzyme activity and gene expression in vivo.

* Cellular imaging has uncovered key steps in the spread of cancer from one site to the next (invasion and metastasis),
and barriers to various cell-based therapies (for example, immunotherapy and gene therapy). Cellular imaging has also
allowed measurement of interactions among various subpopulations of cells in a tumour.

» Anatomical imaging has allowed quantification of morphological abnormalities in tumour vessels, as well as the size of
pores in their walls.

* Functional imaging has revealed that tumour blood flow, vascular permeability, interstitial diffusion, convection
and binding are spatially and temporally heterogeneous in tumours, depend on the host-tumour interactions, and
change during the course of treatment. Functional lymphatics are present only in the tumour margin and the peri-
tumour tissue.

« IVM has revealed that certain direct and indirect anti-angiogenic treatments can ‘normalize’ the abnormal tumour
vessels so that they become more efficient. This finding underscores the importance of optimal dose and scheduling in
combination therapy.

« With the availability of hand-held microscopes and safe (Food and Drug Administration approved) molecular probes,
IVM has the potential to become a useful clinical tool to monitor integrative pathophysiology and the response of
optically accessible tumours to various therapies in cancer patients.
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Figure 1 | Four requirements for intravital microscopy. a | An appropriate animal model. Three different models are shown: a
chronic-transparent window in which a tumour grown on the inner surface of the skin can be viewed through a coverslip; an in situ
preparation in which an optical tracer is injected into the interstitial space of the tail; and an acute liver model in which the animal is
surgically prepared to reveal a tumour in the internal organ. b | A molecular probe (usually fluorescent) that can be imaged. Two
examples are shown: green fluorescent protein (GFP) that is expressed in genetically engineered cells/animals and controlled by the
promoter of interest; and an optical probe that is activated by a specific enzyme or microenvironment. ¢ | A microscope equipped with
an excitation source and a detection system (such as photomultiplier tube (PMT) or charged-coupled device/silicon-intensified target
(SIT) camera), which passes the images to a computer acquisition and analysis work station. d | Image processing and analysis
algorithms are then applied to extract quantitative data. Part a (left) adapted with permission from REF. 66 © (1992) American Association
for Cancer Research; part a (middle) adapted with permission from REF.59 © (2000) American Association for Cancer Research.
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CONFOCAL LASER-SCANNING
MICROSCOPE

(CLSM). A high spatial-
resolution fluorescence
microscope that uses scanning
laser light for excitation and a
pinhole in the emission light
path that detects a signal only
from the focal plane. CLSMs can
provide ~1-um three-
dimensional resolution.

MULTI-PHOTON LASER-
SCANNING MICROSCOPE
(MPLSM). A high spatial-
resolution fluorescence
microscope using low energy
(long wavelength) photons that
are produced by an infrared
laser. Multi-photon excitation
occurs only in asmall volume in
which the photons are focused.
The long-wavelength photons
and high signal-to-noise ratio
allow subsurface imaging (~700
pum) with ~1-pum three-
dimensional resolution, minimal
photo-damage and longer probe
lifetimes in thick samples.

Table 1 | Examples of various intravital preparations for tumour studies

Models Species Tumour Year References
Chronic-window preparations
Ear chamber Rabbit Rabbit CA 1939 108
Rabbit CA: intra-arterial injection 1958 25
Rabbit CA: multifocal growth 1984 5,109
Dorsal skin chamber Mouse Various CAs, SAs, melanomas 1943 110,111
Hepatoma 134 1961 112
Mammary CA 1971 113
Nude mouse Human amelanotic melanoma 1984 114
SCID mouse Human tumour xenograft 1992 66
Hamster Amelanotic melanoma 1981 115
Rat Ascites hepatoma 1971 116
Rhabdomyosarcoma 1977 117
Rat SA 1979 53,54
Rat mammary CA 1989 118
Cranial window Rat and mouse Various rodent and human tumours 1994 6
Acute (exteriorized) preparations
Cheek pouch Hamster Chemically induced SAs 1950 119
Human tumours 1952 120,121
Melanomas, CA, human 1965 122
angiopericytoma
Malighant neurilemmoma 1973 123
Mesentery Rabbit Rabbit CA: intra-arterial injection 1961 26
Rat Mouse colon CA 1990 124,125
Cremaster muscle Rat Rat CA, chondrosarcoma 1986 126
Liver Mouse Human adenocarcinoma 1997 39
Mammary gland Mouse Human mammary CA 1998 127
Pancreas Mouse Human pancreatic CA 1999 128,129
Lung Mouse Lewis lung CA 2000 130
In situ preparations
Eye anterior chamber Frog Renal CA 1939 131
Guinea pig Human tumour 1952 132
Anterior chamber/ Rabbit Mouse mammary tumour 1976 133
iris assays Mouse mammary papilloma 1977 134
Hyperplastic rat mammary gland 1977 135
Corneal micropocket Rabbit Rabbit CA, VX2 CA 1974 136,137
assay
Mouse Mouse mammary CA and SA 1979 138
Ear Mouse Mouse mammary CA 1963 139
Tail lymphatics Mouse Mouse fibrosarcoma 2000 59
Specialized models
Individual microvessel Mouse Human adenocarcinoma 1996 70
perfusion
Angiogenesis gel assay Mouse Various angiogenesis factors 1996 140

CA, carcinoma; SA, sarcoma; SCID, severe combined immunodeficiency. Adapted from REF. 2.

either TRANS-ILLUMINATION OF EpI-ILLUMINATION iS applied to
visualize the whole tissue (for example, mesentery) or
only the superficial regions (for example, cranial win-
dow). The optimal type of illumination is dictated by the
thickness of the tissue and its optical properties.

Increasing depth of imaging can be achieved by
CONFOCAL LASER-SCANNING Microscopes (CSLMS) and mutri-
PHOTON LASER-SCANNING MicrRoscores (MPLSMS). The latter
offer significant advancements, such as improved sig-
nal-to-noise ratio, imaging depth of up to 700 um,
minimal photo-damage and longer probe lifetimes in
thick samples®*.

A historical perspective, descriptions of the surgical
procedures for making various tissue preparations, details
of constructing intravital microscopes for different pur-
poses, as well as the computer-assisted analyses/tech-
niques that are used to extract parameters of interest
from images acquired via intravital microscopy, can be
found in references in TABLES 1 and 2, as well as in two
review articles'2,

Molecular imaging
In principle, any molecule that can be detected by
optical microscopy can be tracked by molecular
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Table 2 | Examples of parameters measured and probes used in IVM

Parameter

Molecular imaging
Micro-pharmacokinetics
Microenvironment (pH, pO,)

Enzyme activity (cathepsin B,
protein kinase A, tyrosine kinase)

Gene expression
Promoter activity
Cellular imaging
Tracking cancer cells
Tracking leukocytes
Tracking other cells
Anatomical imaging
Tumour size

Vascular architecture (diameter,

length, surface area, volume,
branching patterns)

Lymphatic architecture (diameter,

length, branching patterns)
Pore size

Functional imaging
Blood-flow rate

Lymph-flow rate
Vascular permeability

Interstitial diffusion, convection

and binding

Molecular probe References
FITC-antibody, TMR-liposome 51,76
BCECF, BSA—porphyrin 8-10,141
NIRF probe-graft copolymer, 12,14,15
CFP-14-3-31-YFP reporter gene

GFP reporter gene 97
VEGFp-GFP 11,16
GFP, calcein, fluorescent nanosphere 27-32,91
Rhodamine 6G, calcein 3,34-37
GFP 3
Endogenous contrast, GFP 66,91
Endogenous contrast, OPS, 50-52,66
FITC/TMR-dextran

FITC/TMR-dextran 4,60,79,80
TMR-liposome/microsphere 62,63

with varying size

FITC—dextran, endogenous 3,53,54,66,142

contrast

FITC—dextran 80,81
TMR/Cy5-BSA 3,68-70
Fluorescent BSA, IgG, dextran, 75-78

microsphere, liposome

BCECF, 2',7'-bis-(2-carboxyethyl)-5,6-carboxyfluorescein; BSA, bovine serum albumin; CFP, cyan
fluorescent protein; FITC, fluorescein isothiocyanate; GFP, green fluorescent protein; Ig,
immunoglobulin G; NIRF, near-infrared fluorescence; OPS, orthogonal polarization spectral; 14-3-3t,
phosphoamino-acid-binding domain; porphyrin, palladium meso-tetra (4-carboxyphenyl) porphyrin;
TMR, tetremethylrhodamine; VEGFp, vascular endothelial growth factor promoter; YFP, yellow

fluorescent protein.

imaging in vivo. The easiest, and hence most widely
used, application of this concept is monitoring the
delivery (micro-pharmacokinetics) of molecularly
targeted therapeutics (FIG. 2a). The therapeutic agent
can be naturally fluorescent (for example, adriamycin)
or tagged with a fluorescent tracer; for example, thera-
peutic antibodies can be tagged with fluorescein isoth-
iocyanate (FITC). If the agent is delivered using a car-
rier, such as a liposome, then both the drug and the
carrier can be monitored using different optical trac-
ers. Such an approach led us to the conclusion that it
is difficult to deliver therapeutic agents in optimal
quantities to all regions of a tumour®, and this
spawned our interest in understanding physiological
barriers to drug delivery’.

Monitoring molecules that are present in a tissue,
but not naturally fluorescent, requires molecular
probes that change their optical properties as a func-
tion of the concentration of the test molecule and
independently of the concentration of the probe (FiG.
2b). Molecular probes that respond optically to changes
in pH and pO, have been successfully used to map the
metabolic microenvironment of tumours®. These
studies have shown that tumours can contain hypoxic

regions, despite active blood flow. Moreover, low pH
and low pO, can be independent of each other. This
finding has significant implications for the efficacy of
drugs and/or expression of genes that respond to low
pH or hypoxial!.

Similarly, monitoring the activity of an enzyme
requires a molecular probe that changes its optical
properties by specific interaction with the enzyme
(FIG. 1b). As the product of the reaction accumulates in
the tissue, the optical signal increases (or, in some
cases, decreases) in proportion to the enzyme activity.
Such an approach has been successfully applied to
monitor the activity of cathepsin B using near-
infrared (NIR) imaging'? and epi-fluorescence
microscopy (D. Fukumura et al., unpublished obser-
vations). This area of molecular imaging is awaiting
the development of new molecular probes to monitor
different enzymes'?® and receptors?®® that are
involved in tumour progression, and to assess their
involvement in different signalling pathways4*®.

Finally, the most exciting and innovative area of
molecular imaging provides a tool for monitoring
gene expression and regulation in vivo. The recent dis-
covery and commercial availability of live fluorescent
reporters such as green, blue, cyan, yellow, red and far-
red fluorescent proteins (GFP, BFP, CFP, YFP, DsRed
and HcRed, respectively) have made this feasible. By
creating transgenic cell lines or animals that express
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 parameters of
the microenvironment that regulate this activity*!,
Such an approach has revealed that cancer cells can
activate stromal cells to produce vascular endothelial
growth factor (VEGF), a potent angiogenic molecule®
(F1G. 2¢c,d), and that stromal cells actually produce up to
50% of the total VEGF in a tumour®’. The stromal
cells can also affect the production of endogenous
inhibitors of angiogenesis and influence distal metas-
tases'®. These discoveries underscored the importance
of host—tumour interaction in tumour angiogenesis,
growth and metastasis®2.

Because the stromal cells in each organ are differ-
ent, the biology of a tumour is likely to depend on the
organ in which it resides. Furthermore, within a given
organ the heterogeneity in the metabolic microenvi-
ronment will lead to heterogeneous expression of
genestl. It is easy to imagine that live reporters can
also be useful for monitoring the delivery of thera-
peutic genes via viral or non-viral vectors.
Furthermore, by using different variants of GFP and
luciferase? it should be possible to monitor the
expression of, and the interactions among, several
genes and their products simultaneously. With the
availability of live reporters that change ‘colour’
(wavelength of peak emission) with time??2%, under
different conditions (for example, in the presence or
absence of a particular signalling molecule**%) or
when activated by a laser?*, it should be possible
to determine the time course of gene-expression and
signal-transduction pathways in vivo.
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Figure 2 | Molecular imaging. The accumulation of fluorescent molecules in various tissues
can be quantified through changes in fluorescent intensity over time. a | Extravasation of
fluorescein isothiocyanate (FITC)-dextran tracer out of a blood vessel provides a measure of
micro-pharmacokinetics; b | pH (red) and pO, (blue) profiles as a function of distance from a
blood vessel inside the tumour can be measured optically and non-invasively using ratio imaging
and phosphorescence quenching, respectively; c,d | gene expression is tracked in vivo using
intravital reporters such as green fluorescent protein (GFP). In this case, expression of GFP
indicates activation of the promoter for vascular endothelial growth factor in stromal cells, initially
at the periphery of the tumour (c, 1 week after implantation), and eventually throughout the

tumour (d, 2 weeks after implantation). Part b adapted with permission from REF. 10 © (1997)
Macmillan Magazines Ltd; and parts c and d reproduced with permission from REF. 16 © (1998)

Elsevier Science.

Cellular imaging

Intravital microscopy has provided powerful insights
into cell—cell interactions in vivo, and especially in the
movement of cancer cells (FIG. 3a) and cells of the
immune system (FIG. 3b) — the former to understand
various steps in metastasis and the latter to improve
immunotherapy of cancer. In a series of seminal studies
in the 1950s and 1960s, respectively, Wood and
Zeidman tracked the movement of neoplastic cells
injected intra-arterially into the rabbit ear chamber®
and the rabbit mesentery?. They discovered that, owing
to their size and mechanical rigidity, cancer cells get
stuck at the arterial side of the capillary network, but
they extravasate on the venous side of the network. In
the 1990s, Chambers, Groom and colleagues, using vari-
ous cytoplasmic and membrane dyes, tracked the move-
ment of cancer cells in the liver and other organs, and
proposed that extravasation at the target organs is not
the rate-limiting step in metastasis?. Recently, a number
of investigators have used cells that constitutively
express GFP in combination with video-microscopy to
monitor various steps of tumour growth, angiogenesis
and metastasis. The key findings from these studies
include the following. First, implanted tumour cells
migrate towards host blood vessels before their prolifer-
ation and induction of angiogenesis?; second, the lining
of tumour blood vessels has non-uniform expression of
endothelial markers (such as CD31 and CD105), and
has therefore been dubbed ‘mosaic’ vessel?; third,

tumour cells migrate, intravasate and are carried to a
secondary site at a rate that is proportional to the
metastatic potential*®; and fourth, cells lodged in the
secondary site frequently stay dormant3l%,
Unfortunately, VM has not been applied to discern the
various steps of lymphatic metastasis, presumably
owing to a lack of suitable animal models®. With the
availability of engineered cancer cell lines and mice that
overexpress or lack the genes that encode molecules
involved in metastasis, IVM will continue to provide
new insights into metastasis.

Using IVM, we and others have shown that rolling
of endogenous leukocytes is generally low and hetero-
geneous in tumour vessels, whereas stable adhesion is
comparable between normal and tumour vessels3*-4,
We have also examined the adhesion kinetics of exoge-
nously injected activated lymphocytes in normal and
tumour vessels, and found that these cells adhere to
some tumour vessels and not others*#2, Might this het-
erogeneous adhesion reflect heterogeneous expression
of adhesion molecules on these vessels? In our efforts to
understand the origins of the heterogeneous expression
of adhesion molecules, we discovered that VEGF
upregulates various adhesion molecules (such as
ICAM1, VCAM1 and E-selectin), whereas basic fibro-
blast growth factor (bFGF), another potent angiogenic
stimulator, downregulates these adhesion molecules®.
This unexpected connection between angiogenesis
(VEGF) and inflammation (leukocyte adhesion) has
been confirmed in a number of in vivo models!’ 4445,
and has been proposed to be mediated by the VEGF
receptor 1 (VEGFR1)“. This upregulation of adhesion
molecules could not be detected using immunostain-
ing*, and highlights the power of IVM. IVM also
showed the role of red blood cells (RBCs)* and the age
of the animal in leukocyte—endothelial interaction®.
With the availability of engineered mice that overex-
press or lack the genes of relevant molecules, IVM will
continue to help unravel the mystery of the immune
system, and provide insights into how we might exploit
it for cancer treatment® 4,

MPLSMs have provided new insights into the role
of other host cells (for example, fibroblasts, endothe-
lial precursor cells and embryonic stem cells) in
tumour growth and angiogenesis. For example, by
growing tumours in VEGF-GFP transgenic mice, we
have tracked the movement of activated host stromal
cells and discovered that these cells wrap around the
angiogenic vessels, and that they might even guide
the formation of angiogenic vessels in tumours® (FiG.
3c). Similarly, by growing a benign tumour from a
mixture of cells in which 50% were wild type for
hypoxia-inducible factor-1a (HIF1a, an important
transcription factor in the response to hypoxia) and
50% were HIF1a~-and also expressed GFP, we have
shown that HIF1a- cells tend to localize to hypoxic
regions of the tumour® (FiG. 3d). Finally, by grafting
the bone marrow from a GFP mouse or injecting a
defined population of GFP-expressing cells (for
example, endothelial precursor cells), we can track
their movement, incorporation and proliferation in

270 | APRIL 2002 [ VOLUME 2

www.nature.com/reviews/cancer



REVIEWS

a Extravasation of melanoma cells

C Mouse stromal cells
(green) associate with
blood vessels (orange)

b Leukocytes interacting
with blood vessels

d HIF1-a-/- cells (green) are distant from blood vessels (red)

Figure 3 | Cellular imaging. The trafficking of cells to tissue and their interaction with blood
vessels can be assessed using intravital microscopy. a | Ten minutes after systemic injection,
fluorescent melanoma cells arrest near the connection of arterioles to the capillary plexus by size
restriction. Some cells form rows in capillary segments, because they cannot pass an initially
arrested cell (inset). Six hours after injection, cells are still round, and blockage of numerous
capillaries (arrows) results in an overall decrease in blood-flow rate. Twelve hours after injection,
the cells spread, and are still associated with capillaries or arterioles (arrows indicate flow
direction). Forty-eight hours after injection, cell doublets are observed in the parenchyma.

b | Increase in adhesion of rhodamine-6G-labelled leukocytes with blood vessels after treatment
with tumour-necrosis factor-a (TNF-a). ¢ | Fortification of the vessel wall with pericytes can be
tracked if they express fluorescent reporter constructs. Here, GFP-producing stromal cells
organize around the vascular network (orange, rhodamine—dextran). d | Using ectopic green
fluorescent protein (GFP) expression, cells lacking hypoxia-inducible factor-1a (HIF1-a)
expression (green, GFP) can be located in relation to blood vessels (red, rhodamine-dextran) non-
invasively. The three panels represent various depths in the tissue. Part a reproduced with
permission from REF. 106 © (1997) American Society for Investigative Pathology; parts ¢ and d
reproduced with permission from REF. 3© (2001) Macmillan Magazines Ltd.

FRACTAL ANALYSIS
A mathematical analysis for
characterizing complex,
repeating geometrical patterns at
various scale lengths.

tumours (G. D. Duda et al., unpublished observa-
tions). Although various invasive techniques* can
provide similar spatial information, they miss the
temporal dynamics that are provided by IVM. So,
IVM can be used to increase our understanding not
only of tumour biology, but also of developmental
biology, regenerative medicine and tissue engineering.

Anatomical imaging

Determining the size and architecture of a tumour and its
vasculature is perhaps the most common application of
IVM. In general, vessel diameter, length, intercapillary dis-
tance and branching patterns can be determined using
RBCs as a natural contrast agent under conventional

transillumination or linearly polarized light®.
Alternatively, a high-molecular-weight fluorescent tracer
(for example, FITC-conjugated 2-MDa dextran) can be
used to demarcate the blood vessels before it begins to
leak appreciably into the extravascular compartment (FIG.
4a). It is straightforward to calculate the vascular surface
area and volume of a growing or regressing tumour using
these parameters and stereological principles®2, A strik-
ing finding from such studies is that tumour vessels have
an abnormal morphology: they are dilated, saccular, tor-
tuous and have abnormal branching patterns®- (FIG. 4a).
FRACTAL ANALYsIs Of normal and tumour vascular networks
reveals that the former are optimally designed to provide
nutrients by diffusion to all normal cells (so-called diffu-
sion-limited aggregation), whereas the latter are restricted
by the mechanical properties of the matrix (called inva-
sion percolation)®%". Interestingly, during the course of
various direct and indirect anti-angiogenic therapies,
tumour vessels begin to develop a normal appearance:
their diameter begins to decrease, they become straighter
and less tortuous, and their fractal dimension begins to
decrease towards the diffusion-limited aggregation pat-
tern®46525758 \We will discuss later the implication of these
findings for optimizing combination therapy.

IVM has also provided powerful insights into the
pathophysiology of lymphatics in and around tumours.
Fluorescence MICRO-LYMPHANGIOGRAPHY (FIG. 4b) Of tumours
growing in the tails of mice has shown that the lymphatics
in the tumour margin are hyperplasic, similar to those in
the skin of mice that are engineered to overexpress VEGFC
—agrowth factor believed to be involved in lymphangio-
genesis — in their keratinocytes®*-, The diameters of
these lymphatics in the tumour margin increase even fur-
ther in tumours that overexpress VEGFC®, Surprisingly,
overexpression of VEGFC does not induce any functional
lymphatics within these tumours. The lack of functional
lymphatics within tumours is a key contributor to the
interstitial hypertension that is measured in animal and
human tumours™,

Owing to physical limitations of optical microscopy, it
is not possible to directly measure the dimensions of sub-
micron structures in vivo. However, such measurements
can be made by monitoring the movement of sub-
micron particles in the tissue (FIG. 4c). For example, by
titrating the extravasation of fluorescent nano-particles of
increasing size, we found that the cut-off size of ‘pores’ in
the walls of tumour vessels is dependent on the tumour
type, the location of its growth and whether it is growing
or regressing 282, This pore cut-orr size varied from ~100
nm to 2 um depending on the tumour. Furthermore, we
found that the pore size was dependent on the organ in
which the tumour was grown®, This pore dimension,
which was later confirmed by electron microscopy %,
indicated that widened interendothelial junctions, instead
of the transcellular pores, represent the main pathways for
macromolecular transport in these tumours. In a testos-
terone-dependent tumour model, the pore cut-off size
decreased following castration, which led to downregula-
tion of VEGF®, This approach of relating structure to
function is likely to provide new insights into the molecular
determinants of vascuLar PERMEABILITY iN tUMOUTS.
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Figure 4 | Anatomical imaging. a | Well-organized normal vasculature (top) and chaotic,
abnormal tumour network (bottom) in various animal models can be studied for extended
periods. b | Lymphatic vessels in the tail are easily visualized by lymphangiography.
Measurements include vessel diameters, lengths and branching patterns. c | Inter-endothelial
pore size, measured by titrating extravasating bead size. In this example, 600-nm liposomes do
not extravasate, but 400-nm liposomes do, indicating that the pore cut-off size for this tumour lies
in the range 400-600 nm. The plot shows that different tumours have different pore sizes. Part a
courtesy of Edward Brown, Massachusetts General Hospital; part b reproduced with permission
from REF. 59 © (2000) American Association for Cancer Research; part c (left) adapted with
permission from REF. 107 © (1997) Macmillan Magazines Ltd.; and part c (right) adapted with
permission from REF. 62 © (1998) National Academy of Sciences USA.

Functional (physiological) imaging

MICRO-LYMPHANGIOGRAPHY IVM has enriched our understanding of the various
G’;J;‘Sg'&gniﬁgzé?:’;r;%haﬂc physiological determinants of drug delivery to
micro-vessels in vivo. Locally tumours. A blood-borne agent must be delivered via
injected fluorescent the vasculature, enter the tissue by transvascular
macromolecules (such as exchange, move through the interstitial space by diffu-
fluorescein-isothiocyanate- sion or convection, and be cleared by lymphatics in
conjugated dextrarj) are taken the tumour margin™®,

up by the lymphatics and can be

visualized by intravital Beginning with the seminal work of Intaglietta and
microscopy. co-workers®**, several groups have shown that blood

perfusion in tumours is spatially and temporally hetero-

PORE CUT-OFF SIZE geneous3636:38385566 Fyrthermore, in some tumours,

Maximum size of particle that

can cross the blood-vessel wall. average RBC velocity is lower than that in host vessels
In general, tumour vessels have a and does not correlate with vessel diameter®$ (riG. 5a).
significantly larger pore cut-off The heterogeneous and chaotic microcirculation of

ziozs;;Tp’;":';dp"(‘)’irzhsg‘::e';z:g:" tumours results, in part, from the abnormal architecture
on the hosttumour interactions ~ ©1 t_he vascular network, and advgrsel_y affect§ both the
and can change during tumour delivery of drugs and the metabolic microenvironment.

growth and response to therapy. The latter, in turn, compromises the effectiveness of

various therapies, and selects for more aggressive and
metastatic cancer cells®’.

Measuring the permeability of the tumour vascular
network as a whole®¢8% aswell as of individual tumour
vessels®™ (Fi1G. 5b), has revealed it to be an order of mag-
nitude higher than that of most normal vessels. Some
gliomas, however, have a low vascular permeability
resembling that of the blood-brain barrier, probably
due to the lack of placental growth factor (PIGF), a
member of the VEGF family®™. The large pore size that
is characteristic of most tumour vessels means that they
lack selectivity for the size of extravasating molecules.
Nevertheless, the permeability and vascular accumula-
tion of cationic macromolecules is higher than that of
anionic molecules™, probably because of the negative
charge of angiogenic vessels™. Vascular permeability of
different tumours growing in the same site is different®,
and varies as the same tumour is grown in different
sites® or as it responds to therapy“4¢52%, Although it is
possible to lower the vascular permeability of a tumour
by blocking VEGF signalling %2, increasing permeabil-
ity by adding VEGF or PIGF is not always possible®. But
perhaps the biggest challenge in transvascular transport
in tumours stems from the spatial and temporal hetero-
geneity in permeability 372, which restricts access to
some regions of tumours.

Even after a drug molecule has overcome these bar-
riers to extravasation, it must negotiate the extracellular
matrix to reach cancer cells. By adapting rLuorescence
RECOVERY AFTER PHOTOBLEACHING (FRAP) methodology to
intravital applications (Fi1G.5c), we have measured the
interstitial diffusion, convection and binding of macro-
molecules in tumours in vivo™8. These studies have
shown that diffusive transport of macromolecules is
slower in tumours than in water, and that it decreases
with molecular weight and binding affinity’™>"".
Furthermore, collagen content and structure is the key
determinant of interstitial diffusion in tumours; gly-
cosaminoglycans are not as important™. As collagen is
mostly produced by the host cells, and the host cells
vary from one organ to the next, the diffusion coeffi-
cient in tumours is host-organ dependent™. Moreover,
downregulating collagen synthesis or upregulating col-
lagenase production might serve as a potential strategy
for improving delivery of molecular therapeutics
(T. McGee et al., unpublished observations).

In most normal tissues, excess fluid and macromol-
ecules are reabsorbed by the lymphatic capillaries (FiG.
5d) and brought back to the thoracic duct. Using two
different intravital methods, fluid velocity in the lym-
phatic capillaries was ~1 to 10 pm/s — considerably
faster than the interstitial fluid velocity (~ 0.1 um/s),
but slower than blood velocity (~ 100-1000 pum/s)7-L,
Surprisingly, hyperplasic lymphatics in the mouse skin
induced by overexpression of VEGFC had impaired
flowst. As stated in the previous section, we were
unable to detect any functional lymphatics within
tumours with normal or elevated levels of
VEGFC®*5%80, We propose that the hyperplasic lym-
phatics that are present in the margin of these
tumours are adequate for carrying cancer cells to the
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VASCULAR PERMEABILITY

A measure of the propensity of a
molecule to extravasate from the
vessel lumen to the tissue.
Transport of systemically
injected tracers, such as
tetramethyl-rhodamine-labelled
albumin, is monitored by
intravital microscopy to estimate
vascular permeability. Tumour
vessels generally have high
vascular permeability.

FLUORESCENCE RECOVERY
AFTER PHOTOBLEACHING
(FRAP). An imaging technique
to measure diffusion, convection
and binding of fluorescent
molecules. First, tissues are
loaded with fluorescent
molecules (typically fluorescein
isothiocyanate labelled); strong
laser light bleaches a pattern in
the tissue and the recovery of
fluorescence in the bleached
pattern is monitored. The rate of
recovery is proportional to
diffusivity of the molecules in
the tissue.
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Figure 5 | Functional imaging. Intravital microscopy has provided insight into all four barriers to delivery in tumours.

a | Abnormalities in tumour blood flow (that is, red-blood-cell velocity, V.

) quantified using intravital microscopy; in the normal

vasculature, velocity is higher in arterial vessels than in venous vessels, and decreases with vessel size. In tumour blood vessels,
these relationships do not exist. b | Vascular permeability measured by the extravasation of a fluorescent tracer. Permeability and
angiogenesis do not correlate in four different tumours in the same site. ¢ | Movement of a fluorescent tracer into a photobleached
spot (top) gives diffusion coefficients in two tumour types in two locations in vivo (bottom). Data from various tumour types (bottom)
help design appropriate therapeutic regimens. d | By injecting fluorescent tracer subcutaneously, it is possible to observe flow in
lymphatic networks. Flow in the network is interrupted by an implanted tumour (large arrows). The small arrows indicate dilated
peritumour lymphatics. Part a reproduced from REF. 6; part b reproduced with permission from REF. 71 © (2000) Macmillan Magazines
Ltd; part c (top) reproduced with permission from REF. 107 © (1997) Macmillan Magazines Ltd.; part ¢ (bottom) reproduced with
permission from REF. 78 © (2001) National Academy of Sciences USA; and part d reproduced with permission from REF. 59 © (2001)

American Association for Cancer Research.

nearby lymph node. Intravital studies of cell move-
ment in these peritumour lymphatics are needed to
test this hypothesis®.

Imaging therapeutic response

In general, the preclinical response to a new therapy is
quantified in terms of reduction in (or stabilization of)
tumour size and survival time of the animal. However,
the ability to monitor several parameters simultaneously
with IVM has provided integrated insight into a
tumour’s response to various therapies. This insight has
led to new strategies for improving cancer detection and
treatment. For example, we have recently shown that
blocking VEGF or VEGF receptor 2 (VEGFR2) leads to a
decrease in vessel diameter and vessel density (anatomi-
cal imaging) and a decrease in vascular permeability
(functional imaging)*"#6%2. This ‘normalization’ of
tumour vessels can lower interstitial fluid pressure,
improve perfusion and, in some cases, increase tissue
pO, (molecular imaging) (REFs 46,82,83). Similar normal-
ization has been observed intravitally following hor-
mone withdrawal from a testosterone-dependent
tumour® (rFiG. 6a) and following treatment of an ERBB2
(also known as HER2/neu)-overexpressing tumour with

trastuzumab (Herceptin) — a monoclonal antibody to
ERBB?2 (ReF.58). This indicates that a cytotoxic therapy
(such as radiation or chemotherapy) applied during this
‘normalization’ window might lead to synergistic effects®
(FI1G.6b). Indeed, this hypothesis is supported by the suc-
cessful outcome of combined treatment with a cytotoxic
and an anti-angiogenic agent, TNP-470 (REFS 85,86).
Conversely, if vessels are obliterated to the point that the
microcirculation is compromised, the combination
might lead to antagonistic results. This has happened in
the cases in which TNP-470 was combined with radia-
tion therapy® and chemotherapy®. These examples
underscore the importance of optimal dosing and sched-
uling in combination therapy that is based on functional
in vivo imaging. The challenge is to develop imaging
technology for clinical use that can provide molecular,
anatomical and functional data with the same temporal
and spatial resolution as animal-model imaging.

Future directions

IVM has provided useful insights into many aspects of
tumour biology™?75678-91 'However, there are several
unanswered questions awaiting the development of new
animal models, probes and microscopes.
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Figure 6 | Imaging therapeutic responses. a | Tumour growth in the dorsal window chamber
over a 20-day period without (top) and with (bottom) therapy. In the treated animal, the tumour
regresses, but then eventually escapes the therapy to re-grow (*). b | Tumour vessels, which are
abnormally tortuous with chaotic branching patterns, can pass through a phase of ‘normalization’
during anti-angiogenic therapy. This can help in delivering drugs more efficiently to the tumour
cells; if the blood supply becomes inadequate, drug delivery will be impaired. Part a (top)
reproduced with permission from REF. 66 © (1992) American Association for Cancer Research;
part a (bottom) reproduced with permission from REF. 45 © (1998) National Academy of Sciences
USA,; part b reproduced with permission from REF. 84 © (2001) Macmillan Magazines Ltd.

Virtually all IVM studies have used transplanted
tumours. In principle, it should be possible to place
‘windows’ on spontaneously occurring tumours, but
this has not yet been done. Alternatively, mice could be
engineered with tissue-specific promoters so that
tumours spontaneously arise in regions in which the
windows summarized in TABLE 1 can be used.

Various molecular probes are available for anatomical
and functional imaging. However, there are few probes
for molecular imaging. GFP and its variants have already
allowed visualization of molecular processes that, until
recently, could only be imagined. However, these live

reporters can be toxic®2 and show significant spectral
overlap®®, This might limit the number of reporters
that can be used simultaneously®. However, the rapid
developments that are taking place in this area are likely
to overcome these problems'41522-24%_Egr example,
mathematical modelling of the emission spectra of mul-
tiple GFP variants can now be used to separate the con-
tribution of each individual probe®. Live reporters are
needed to dissect protein—protein interactions and to
investigate signal-transduction pathways in vivo.
Unexpected discoveries might emerge when we can
examine the interaction of multiple genes in an intact
organism using new molecular probes.

Concerted efforts are also needed to improve subsur-
face imaging technologies. Most of the current data come
from techniques that emphasize surface features at the
expense of information that is found from deeper within
the tissue. Multi-photon laser-scanning microscopy can
image structures up to 700 um deep, depending on the
tissues and probes used®%%, Other optical techniques,
such as optical coherence tomography, can image deeper
regions!®%t but its application to intravital microscopy
has been limited owing to lack of intrinsic contrast!01%,
An alternative approach is fluorescence-mediated tomog-
raphy*2. Other techniques such as positron-emission
tomography, computed tomography, magnetic reso-
nance imaging and near-infrared imaging have been
developed for use in rodent models and can provide
deeper imaging, but they lack spatial resolution?*?.

Image acquisition rate and speed of imaging also
need to be improved. High-speed imaging is neces-
sary to capture dynamic events such as blood flow,
leukocyte—endothelial  interactions, tumour-
cell-blood-vessel interactions and movement of small
molecules®. Such kinetic information is vital for
understanding the biology of tumours and for
optimizing therapeutic approaches.

Most IVM set-ups are bulky bench-top devices, but
there is an increasing effort to miniaturize the cameras
and microscopes to make the whole unit hand-held*®+%,
The prototypes of these microscopes have already
proven useful for anatomical and molecular imaging of
blood vessels, nerves, glands, calcium transients, and
reporter-gene expression in brain, skin and colon, which
are optically accessible with minimum invasion in exper-
imental settings. Furthermore, these prototypes were
able to detect subsurface changes associated with disease
such as thermal injury and ulcerative colitis. As these
devices become more user-friendly, IVM will become a
useful clinical tool for diagnosis and monitoring the
response of cancer patients to various therapies.
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