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Abstract

Revealing the cellular and molecular changes asso-
ciated with cancer, as they occur in intact living
animal models of human neoplastic disease, holds
tremendous potential for understanding disease me-
chanisms and elucidating effective therapies. Since
light is transmitted through mammalian tissues, at a
low level, optical signatures conferred on tumor cells
by expression of reporter genes encoding biolumi-
nescent and fluorescent proteins can be detected
externally using sensitive photon detection systems.
Expression of reporter genes, such as the biolumi-
nescent enzyme firefly luciferase (Luc) or variants of
green fluorescent protein (GFP) in transformed cells,
can effectively be used to reveal molecular and
cellular features of neoplasia in vivo. Tumor cell
growth and regression in response to various
therapies have been evaluated non-invasively in
living experimental animals using these reporter
genes. Detection of Luc-labeled cells in vivo was
extremely sensitive with signals over background
from as few as 1000 human tumor cells distributed
throughout the peritoneal cavity of a mouse with
linear relationships between cell nhumber and signal
intensity over five logs. GFP offers the strength of
high-resolution ex vivo analyses following in vivo
localization of the tumor. The dynamic range of Luc
detection allows the full disease course to be
monitored since disease progression from small
numbers of cells to extensive disease can be
assessed. As such, therapies that target minimal
disease as well as those designed for late stage
disease can be readily evaluated in animal models.
Real time spatiotemporal analyses of tumor cell
growth can reveal the dynamics of neoplastic disease,
and facilitate rapid optimization of effective treatment
regimens. Thus, these methods improve the predict-
ability of animal models of human disease as study
groups can be followed over time, and can accelerate
the development of therapeutic strategies. Neoplasia
(2000) 2, 41-52.
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Introduction

Development of neoplastic disease is a stepwise process
involving loss of genetic regulation, changes in cellular
physiology, and failure of effective immune surveillance [1—
9]. The progression of neoplastic states to disseminated
disease requires interactions between the transformed cells
and normal tissues as occurs in invasion, extravasation,
migration and neovascularization [10—12]. Although indivi-
dual steps in these processes may be modeled in correlative
cell culture assays, evaluation of the dynamic and interactive
processes of the complete disease requires the context of
living animals. However, animal models have typically served
as “black boxes” where well-defined signals can be applied,
but the ultimate evaluation is performed outside of the animal
via ex vivo assays. Sophistication of these ex vivo assays has
increased dramatically with the development of confocal and
two - photon microscopy for the interrogation of thick tissues,
reporter proteins with diverse optical signatures, multipara-
meter flow cytometry and DNA microarrays [13—-20].

Tremendous sensitivity can be achieved using amplifica-
tion methods such as polymerase chain reaction (PCR) to
detect tumor cell DNA or mRNA levels, but these assays are
time-consuming and severely limited by the size of the
sample that can be reasonably evaluated. Thus, the fraction
of a given tissue that can be analyzed is limited [21,22].
Studies employing these assays may, therefore, be subject to
sampling biases such that results may not represent overall
expression levels in the target tissue or organ. In the absence
of a signal that can be detected in the intact animal, or even
the intact organ, targeting specific tissues for analyses is also
difficult, and all tissues cannot be evaluated. Thus, only a
small fraction of a few selected tissues is studied when ex
vivo assays are employed. To achieve statistical significance
with temporal studies, large numbers of animals are used
with groups being sacrificed at each time point. Thus,
analyses using ex vivo assays are both limited and require
large numbers of animals.
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The limitations of the ex vivo assays indicate that
accessible, versatile and sensitive assays that can rapidly
reveal cellular and molecular changes as they occur in intact
animal models of human neoplasia are necessary to
advance our understanding of disease processes and
accelerate the development of effective intervention strate-
gies. In particular, refinement of animal models to include
markers for imaging the multiple stages of cancer develop-
ment in vivo would complement current ex vivo assays and
would dramatically accelerate and enrich the analyses of
animal models of human neoplastic disease by revealing
cellular and molecular changes in vivo and directing the ex
vivo assays to critical target tissues.

A variety of imaging strategies designed to reveal the
physiologic changes associated with neoplasia and res-
ponse to therapy have been described. The modalities
utilized in these approaches include fluorescence imaging,
magnetic resonance imaging (MRI), single photon emission
computed tomography (SPECT), and positron emission
tomography (PET) [23—-34]. Contrast agents that enhance
MRI are being developed and molecular reporter genes for
MRI have enabled cellular and molecular analyses [35,36].
Similarly, fluorescent dyes that are concentrated at the tumor
site or that can be activated by the target cell have been
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described and utilized to localize tumor cells in animal
models [33,37,38]. PET is, by design, a method of revealing
metabolic changes and can be used to localize cells and
molecules labeled with radioactive tracers. However, many
of these imaging strategies are not well-suited for small
animals and can be encumbered by long scan times and
expensive instrumentation for detection and support. In
addition, some of these methods can be difficult to quantify
and lack sensitivity.

Sensitive in vitro molecular assays have been developed
using light-emitting enzymes, luciferases, as reporters [39—
42]. Luciferases comprise a family of photoproteins that can
be isolated from a wide variety of species including bacteria
and a large number of eukaryotic organisms [43]. Lucifer-
ase from the firefly, Photinus pyralis, is the most commonly
used photoprotein in molecular biology studies and has been
used to evaluate gene expression in transformed cell lines in
culture [44,45], and to monitor tumor growth and response
of tumors to antineoplastic therapy in animal models of
human disease [21,46]. This reporter gene is not only the
most widely used member of the photoprotein family of
enzymes; it is also the most-studied and has been modified
such that it is well suited for studies of neoplastic disease.
These modifications include mutations for optimal mamma-
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Figure 1. New developments in cancer therapy. With the advancement of diagnostics and therapy, there is a need to develop new therapies that target small
numbers of tumor cells to prevent both initiation of disease and relapse after treatment. Therefore, development of animal models that represent minimal disease is

necessary to evaluate new therapeutic strategies that target these conditions.
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lian codon usage and increased expression due to removal
of a peroxisome targeting site [41,42]. These features of the
firefly enzyme make it an ideal choice for in vivo monitoring of
tumor cell growth. Another luciferase that has been used as a
reporter in mammalian cells includes that from the sea pansy
(Renilla reniformis). The wavelength of emission from this
enzyme (blue, with a peak at 460 nm) and its use of a
substrate other than luciferin have led to its use in dual-
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reporter assays [47,48]. Many luciferases from biolumines-
cent marine organisms, including that of R. reniformis, use
the high-energy compound, coelenterazine, as a substrate.
Analyses of these photoproteins as indicators of gene
expression have, in the past, required removal of the tissues
and assessment of enzymatic activity in cell lysates. This
type of assay has many of the same limitations as other ex
vivo assays; however, the fact that light can pass through

Time (d)

Figure 2. Monitoring tumor growth at subcutaneous sites. PC-3M cells labeled with constitutive expression of a modified luciferase gene (PC-3M-luc) were
injected at subcutaneous sites on each hind flank of three animals and growth of the cells was monitored by photon emission over a 14 -day time course. A
pseudocolor image representing light intensity is superimposed over a grayscale reference image of representative mice from each group of three (upper). Time
(day) is indicated below each image. The color bar indicates average signal intensity per pixel represented by a color scheme used in the pseudocolor image. Total
signal intensity over the tumor sites (boxes) was determined and plotted with respect to time for each group of three (lower). Inoculum was 1x 10° cells in the left

flank, n=3 (left); and 1x 10° cells in the right flank, n=3 (right).
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mammalian tissues and the absence of bioluminescence
from mammalian cells, suggested that it may be possible to
use these reporter genes for the in vivo analysis of neoplasia.

It has previously been demonstrated that internal bio-
luminescent signals from bacteria and cells of transgenic
mice can be externally detected in vivo, even when located at
deep tissue sites [49,50]. Using this technology, it has been
possible to non-invasively monitor infection, gene expres-
sion, and passive transfer of mammalian cells [51]. This
approach has recently been applied to the study of tumor
progression and response to therapy in living animal models
[52,53]. The reporter genes used in these studies included
the modified firefly luciferase for eukaryotic gene expression
and a bacterial luciferase from the soil bacterium, Photo-
rhabdus luminescens, for prokaryotic expression. Tagging
biological processes with reporter genes that are propagated
along with the labeled cells permit monitoring cell growth,
and transcriptional events without the problem of dilution or
loss of signal with cell division. The ability to monitor labeled
processes from an external vantage point provides a
tremendously powerful tool.

The use of external detection of an internal biolumines-
cent signal differs from other optical imaging strategies and
offers some distinct advantages. Optical imaging typically
involves the use of external light sources to either interrogate
the inherent optical properties of tumor tissue, or to assess
the concentration of exogenous dyes that accumulate or are
activated at tumor sites [33,37,38,54]. In contrast, photons
originating from photoproteins in labeled cells can serve as
internal biological sources of light that transmit through
mammalian tissues to reveal spatial and temporal informa-
tion in the near absence of background bioluminescence
[61]. The weak bioluminescent signal emitted from the
labeled cells and transmitted through the animal tissue can
be detected and quantified using low light imaging systems
such as intensified and ultra-cooled charge -coupled device
(CCD) cameras [50]. Bioluminescent reporters may offer
greater versatility than fluorescent or other types of markers
in mammalian tissues due to the nearly complete absence of
spontaneous emission of light from mammalian cells. The
use of outside light sources for fluorescence markers can
result in tissue autofluorescence, creating background that is
greater than the signal. As reporter genes are integrated into
the chromosomes of the tumor cells, they are replicated with
cell division, which is a distinct advantage over other labeling
techniques using dyes that can be diluted out as the cells
divide. Published research has demonstrated that real time,
non-invasive analyses of pathogenic events, pharmacologi-
cal monitoring and assessment of promoter activity can be
performed in vivo [49-51]. These studies indicate that
reporter genes can provide a window through which
biological processes can be viewed in living animals, and
thus may be useful in illumination of the temporal and spatial
distribution of tumor growth and metastasis in vivo.

Detection of bioluminescence from beetle luciferases
expressed in mammalian cells either in culture or in vivo
requires exogenous delivery of the substrate for the
enzymatic reaction. It has been determined that the

substrate for the firefly luciferase, luciferin (p-(-)-2-(6'-
hydroxy-2’-benzothiazolyl) thiazone-4-carboxylic acid), can
be added to cell culture medium such that expression in living
cells can be monitored [50]. This contrasts what has been
observed for coelenterazine, the substrate used by luci-
ferases from marine eukaryotes (e.g., R. luciferase from R.
reniformis), which appears to have significant autolumines-
cence in the presence of serum proteins (Zhang and
Contag, unpublished results). The ability of luciferin to enter
into cells is likely due to its small size (280.33 g/mol) and its
zwitter ionic nature. Typical studies utilizing luciferase genes
as transcriptional reporters require cell lysis with enzymatic
activity being analyzed in a luminometer with the attendant
loss of temporal information. For detection in living animals,
the substrate, luciferin, can be supplied via intraperitoneal
injection and luciferase activity can be evaluated at many
different tissue sites simultaneously [50], including the
central nervous system and fetal tissues in utero (C.H.C.,
unpublished results). The small size of luciferin also makes it
a poor antigen and immune responses to luciferin are
unlikely; this will be useful as the models move from
xenografts in immunodeficient mice to syngeneic and
autologous cell transfers.

Many of the assays for tumor cell growth and regression
in animal models of neoplastic disease rely on changes in
the volume of large superficial tumors where changes in
three orthogonal diameters can be determined using
calipers. These tumor models resemble late stages in
human disease, and thus, therapies developed using these
models are most applicable to late stage disease. In
contrast, therapies that target minimal residual disease
either after removal of the tumor, via surgery or therapy, or
early in the disease course, cannot readily be developed
using these conventional assays. Real time accurate
assays that employ reporter genes for rapid detection of
minimal disease in animal models will change the paradigm
of drug development, and therapies that effectively treat
small numbers of transformed cells will be developed
(Figure 1).

Luciferase as a Reporter for Tumor Cell Growth In Vivo
The bioluminescent signal from human tumor cells expres-
sing luciferase can be used to follow their growth in mouse
xenograft models of human disease. This has been demon-
strated using several human tumor lines. For example,
growth of a highly metastatic human prostate cancer cell line
(PC-3M) [55] has been followed over time in severe
combined immunodeficient (SCID) mice (Figure 2). The
PC-3M cells were transfected with the SV40-driven
modified luciferase gene and stable clonal transfectants
were selected by light emission and antibiotic resistance to
generate the line designated PC-3M-/uc. The luciferase in
this construct was optimized for expression in mammalian
cells removed [41,42]. Populations of cells arising from
single cell clones were generated. Selected clones were
used to initiate tumors at subcutaneous sites in the hind
flanks of SCID mice, and growth of these cells in vivo was
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followed over time using an intensified CCD camera to
generate whole body images (Figure 2). Light emission was
detectable within minutes of injecting the tumor cells, and
signals continued to increase logarithmically over a 2-week
time period. These data indicate that the bioluminescent light
from the transformed cells was detectable externally and that
tumor growth can be followed non-invasively. Studies are
underway to correlate tumor size with photon counts in this
prostate cancer model and to assess the minimal detectable
cell number in vivo.

A human cervical carcinoma cell line (HeLa) has also
been used in similar studies, which have indicated that
tumor growth and inhibition in response to several different
therapeutic agents could be monitored in living mice
(Figure 3) [52,53]. Similar to the PC-3M-/uc cells, a
stable reporter cell line of HelLa cells (HelLa-/uc) was
generated through selection of an integrated reporter
construct consisting of a portion of the viral promoter from
SV-40 driving expression of the modified luciferase gene.
Hela- luc cells were introduced into animals via subcuta-
neous, intraperitoneal and intravenous inoculation, and the
kinetics of cellular proliferation of labeled cells in irradiated
SCID mice was non-invasively assessed [53]. The signals
from luciferase-labeled cells in these 5-minute images
were used to rapidly localize tumors in anesthetized
animals and to quantify tumor cell proliferation. In this
manner, as few as 1000 cells could be quantitatively
detected following injection into immunodeficient mice
[52,53]. The dynamic range of this assay permitted the
study of disease progression from early (non-palpable
tumors) to late stages, indicating that this reporter gene
system could be used to evaluate therapies directed at
various stages in the disease course including minimal
disease states.

Detection of Minimal Disease and Evaluation of Therapy
in Animal Models

Advancements in imaging that increase the sensitivity of
tumor cell detection will have a dramatic effect on the study
of minimal disease models where few cells exist early in
diagnosis, or remain after therapeutic intervention. Effective
intervention strategies that target the small numbers of
neoplastic cells that persist after therapy remain major
treatment challenges [56,57]. The observation, that while a
majority of cancer patients enter a complete remission
following chemotherapy or autologous transplantation, a
significant proportion go on to relapse, underscores the
importance of controlling minimal residual disease (MRD).
The limited ability to detect neoplastic cells at these stages
and to predict response to therapy in the absence of reliable
assays has hampered progress.

Advancements in the treatment of MRD have been limited
by a lack of adequate animal models where small numbers of
tumor cells can be reliably and quantitatively detected. In
some situations, the ability of the tumor cells to grow in SCID
mice has been a powerful predictor of the clinical course of
the patient [58]. However, detection of neoplastic cells in
current animal models of human disease requires a large
number of target cells and such models typically use the
therapeutic endpoints of gross tumor growth or death of the
animal. Molecular techniques, such as DNA amplification
using PCR, have been used, but are hampered by sampling
limitations, and the need to sacrifice the animal subjects
[21,22]. Several other surrogate markers of tumor growth
that can be detected in serum and do not require sacrifice of
the animal have been used (e.g., human lactate dehydro-
genase (LDH) isoenzymes or human nuclear matrix protein
41/7 (NMP 41/7) in sera of SCID mice) [59]. Even though
human-derived serologic markers in xenograft models may
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Figure 3. Effects of chemotherapy and immunotherapy on HeLa - luc cell growth in vivo. HeLa - luc cells were injected into the peritoneal cavity (time 0) at 1x 10*
cells per animal. Groups of animals were either not treated (n=7), or treated with cis - platinum (n=6) or CIK cells at an effector to target ratio of 1000:1 (n=7).
Tumor cell growth, as indicated by transmission of bioluminescent light, was assessed at weekly intervals and plotted for each animal with respect to time. The range
of tumor cell growth in the untreated control animals is represented by the gray area.
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Figure 4. Effects of immunotherapy on Hela-luc cell growth in vivo. SCID
mice bearing human xenografts, HelLa - luc cells, were either untreated (A) or
treated with CIK cells at an effector to target ratio of 1000:1 (B). The growth of
the tumor was followed over a 28-day time course. The pseudocolor images
represent light intensity collected with a 5-minute integration time, and are all
presented at the same display range (0—3 bits) with the exception of the 28 -
day time point for the untreated controls which is also shown at the 0—7 bit
range to reveal spatial information.

provide predictable indicators of tumor cell growth, these are
indirect assays of tumor cell growth, are only detectable at a
week to several weeks after introduction of the tumor cells,
and require blood sampling and processing. Thus, further
advancements in non-invasive detection and quantification
of tumor burden in xenograft models are desirable.

Employing a luciferase-based methodology, conven-
tional chemotherapies and a novel immune cell therapy,
utilizing cytokine induced killer (CIK) T cells, have been
evaluated in minimal disease xenograft models (Figure 4).
The chemotherapeutic agents included cyclophosphamide,
5-fluorouracil, and cis-platinum. These three agents had
different effects on the growth of HelLa- luc cells in vivo, with
cyclophosphamide being the least effective and cis-platinum
the most effective at reducing the signals in tumor-bearing
animals [52]. Following treatment responses to therapy
could be evaluated in as few as 24 to 72 hours. Long-term
evaluation of the animals was also readily accomplished
[52].

The immune cytotherapy arms of this study utilized CIK
cells. These cells were generated by culturing peripheral
blood mononuclear cells in the presence of IFN -+, followed 1
day later by IL-2 and an anti-CD3 monoclonal antibody
[60—62]. This incubation resulted in the dramatic expansion
of effector cells which have cytolytic activity against a broad
array of tumor cell targets including multidrug resistant cell
lines and autologous fresh tumor isolates [63—-65]. The cell
type with the most robust anti-tumor activity expresses the
surface marker CD3, a general T cell marker, and the natural
killer (NK) cell marker, CD56. Initially, an effector to target
ratio of 100:1 was used; by 2 weeks, only a modest effect
was noted — thus, second and third treatment arms were
tested using ratios of 1000:1. In these treatment arms, the
signals were reduced to background in many of the animals
indicating effective treatment. These studies demonstrated
that the non-invasive assays could be used for the rapid
development of effective doses and schedules of therapy
[52]. The evaluation of novel additional approaches that
may enhance the effects of CIK therapy, such as with the use
of bi-specific antibodies which crosslink the effector cells with
tumor markers, will be accelerated through the use of the
luciferase imaging approach.

In these studies, the number of animals required to reach
statistically meaningful endpoints was five to seven per
treatment group. Differences among the different arms of the
study were apparent at 7 days post-treatment with statisti-
cally significant results being obtained at 14 days. In
conventional tumor models, based upon animal survival,
experiments are conducted over several months. Therefore,
using this quantitative in vivo assay where a single group of
animals can be followed over time and differences between
treatment groups can be evident in the first week, a greater
number of different treatment strategies can be evaluated.

Luciferase Reporters in Metastatic Models
Detection of metastatic tumor growth in animals has been
largely dependent on ex vivo analysis of excised tissues.
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Figure 5. Refinement of animal models using photoprotein reporters. Standard methods of monitoring tumor cell growth utilize multiple reporters and indicators to
reveal the effects of experimental therapies on tumor cell growth in correlative cell culture assays. These assays often cannot be applied to in vivo analyses and
assessing tumor growth in vivo is limited to measuring tumor size at superficial sites. Thus, ex vivo assays such as PCR, histological examination and weighing
tumors have been necessary to assess tumor growth. These ex vivo assays often require sacrifice of the animals at multiple time points. Imaging tumor cell growth in
culture and in vivo can be performed using a single reporter gene and signals for this reporter gene can be used to direct the ex vivo assays such that times and
tissues can be targeted for analyses. This approach results in animal models and preclinical data that can be more predictive of human disease states.

Histological analyses have been traditionally used to localize
and document neoplastic and metastatic growth. These
assays, however, suffer from the limitation of sampling
selection and extensive labor involvement. GFP expression
in tumor cell lines has facilitated directed analyses of tissue
samples in these models and represents first steps toward
linking the in vivo study of metastasis to tissue culture
correlates [66,67]. In these studies, fluorescing metastatic
colonies of cells could be detected on murine lung tissue via
the GFP tag, and selected tissue samples could then be
excised and cultured using a matrix-supported histoculture
method to model in vivo tumor colonization. Throughout the
studies, GFP expression permitted constant measurement
and a means of detection that facilitated manipulation of both
the in vivo model and the culture system. This approach
demonstrated the strength of using an optical signature to
track cells and monitor their growth both in vivo and in
culture. Extending this approach to monitoring disease
progression in three dimensions in living animal models is
the goal of many imaging strategies.

As a step in the direction of real time, three -dimensional
tumor cell imaging, luciferase-based methods offer the
opportunity of whole body imaging and scanning for tumor
growth with fairly short integration times (5 minutes per
image). Furthermore, the ability to detect small numbers of
luciferase -positive tumor cells enhances the potential to
analyze experimental or spontaneous metastatic growth in
vivo. Following intravenous injection of Hela-/uc cells,
Edinger et al. [53] were able to detect microcolonies at a
variety of tissue sites non-invasively. These microcolonies
were detectable at 7 days after introduction of the tumor cells
and appeared to be located in bone, lung and other tissues.
The sensitivity of this assay and the ability to detect
microcolonies using a whole body analysis indicated that
this approach would be particularly useful in the detection of
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metastases at sites that are difficult to assay, such as bone
or brain. The short time required for the imaging would allow
quick screening of large numbers of animals and may permit
imaging from multiple angles.

Since reporter gene expression can be monitored in
living cells in culture, in animals and in cell lysates derived
from tumor tissue, each step in the experimental design
can be monitored with a single reporter gene. Examples of
this are the studies by Chishima et al. [66] and Edinger et
al. [53] and where either GFP or luciferase, respectively,
was used both in culture and in animal models. Use of a
single reporter gene at multiple steps in an experiment
results in a more streamlined approach, and the added
advantages of being quantitative and rapid make the use of
these methods more efficient and informative than con-
ventional studies. This is especially relevant to the study of
metastasis where localizing microcolonies in the whole
animal is tantamount to looking for a needle in a haystack.
Since the in vivo data can be used to direct ex vivo
analyses (i.e., localization of metastatic lesions for
subsequent analyses), the labor-intensive assays such
as PCR, expression profiing via DNA microarrays and
histopathological assays can be performed on targeted
tissues as directed by the in vivo analysis. This refinement
to the animal models for neoplastic disease will result in
more predictive models and improved clinical studies
(Figure 5).

Green Fluorescent Protein (GFP) as an Indicator of
Tumorigenesis

A wide variety of tumor cells have been labeled with GFP
including human xenografts and syngeneic transfers. The
gene encoding GFP from the jellyfish, Aequeora victoria, has
been mutated for optimal mammalian expression and
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alteration of its excitation and emission wavelengths. A
family of genes encoding GFP variants that excite and emit
at wavelengths other than the green wildtype excitation and
emission of 397 and 509 nm offer versatility for gene
expression studies [68—74]. Some of these variants have
been used to tag tumor cells and monitor growth and
metastasis in animal models [66,67]. The methods used to
visualize the fluorescent proteins in living tissues include
transillumination of the living animal [75] or intravital
microscopy [76,77]. Transillumination of intact living ani-
mals produced detectable signals from tumors labeled with
GFP, and metastases were visualized in the lung, liver,
bones, and brain [75,78,79]. The detection limits were
improved by utilizing nude mice or removing fur to reduce the
light scatter. Maximum sensitivity was obtained following
sacrifice of the animal and removal of the skin and other
tissues. Following laparotomy, it was possible to obtain
single-cell level resolution [79]. These steps enhanced the
ability to detect tumors in mice; however, this approach
eliminates temporal analyses and is not easily applied to
larger-scale studies.

Orthotopic transplantation of cancer cells that express
GFP has been used to visualize metastasis and angioge-
nesis [66,67,79—81]. Using intravital microscopy, it is also
possible to detect single cells labeled with GFP and monitor
their migration through blood vessels [77]. While this
method allows for temporal analyses, it requires removal of
the tissue over the tumor in order to make direct observations
of the labeled cells. The excised tissue is replaced with a
transparent window to permit repeated analyses. Studies
using this technique have revealed migration patterns for
immune cells and cancer cells at the tumor site. Studies
utilizing intravital microscopy have also revealed expression
patterns using the promoter for vascular endothelial growth
factor (VEGF) [77].

The utility of fluorescent reporter genes in these types
of analyses will be greatly enhanced by the introduction of
red fluorescent proteins since the longer wavelength of red
light transmits tissues more efficiently than green light.
Weissleder et al. [33] have demonstrated the utility of red
fluorescence for tumor imaging using an autoquenched red
fluorescent dye (Cy5.5) that accumulates at the tumor site
and is activated by lysosomal proteases of tumor cells.
Quenched fluorochromes were bound to a copolymer
consisting of poly-L-lysine and methoxypolyethylene glycol
succinate. Following intravenous injection, the conjugates
accumulated in solid xenograft tumors presumably after
passing through the neovasculature of the tumor. The
quenched fluorochrome was released in the tumor by
lysosomal proteases in the tumor cells such that the signal
was increased 12-fold at the tumor site and submillimeter-
sized tumors were detectable subcutaneously. Fluorescent
proteins that excite and emit at longer wavelengths may
permit detection of labeled cells several millimeters or
centimeters within mammalian tissue. Such reporter proteins
have recently been described [16]. However, these orange-
red fluorescent proteins have not yet been used in studies of
in vivo tumor cell growth.

As transcriptional reporters, GFP and luciferase can be
indicative of gene expression when a tumor-specific
promoter is linked to the coding sequence, and when
constitutively expressed, these reporters can be used to
indicate the sites of tumor growth. In vivo assays that utilize
reporter genes can also be set up as indicators of other steps
in neoplastic disease progression, such as microvessel
density (MVD) as an indicator of neovascularization of
tumors. Moore et al. [83] have used a 9L cell line
constitutively expressing GFP for assessing MVD. In this
study using fluorescence microscopy, non-fluorescent re-
gions at the borders of the tumor tissue were interpreted as
vascularized regions lacking tumor cells. This was confirmed
by utilizing conventional histological methods, anti-CD31
immunohistology, and Hoechst 33258 dye exclusion. MVD
allowed quantification of tumor angiogenesis in tissue
specimens, thus providing additional information about
tumor growth and regression in animal models. Such
analysis holds promise in evaluating the efficacy of anti-
angiogenic therapies.

Multifunctional Reporters

The various optical reporter genes, including luciferase and
GFP, have unique properties that make each useful for
particular experimental applications. Luciferase is a real time
indicator of transcription; due to its relatively short half-life, it
indicates diminution of expression unlike the longer-lived
GFP protein. In contrast, GFP can be used for higher
resolution imaging in cells. Combining these reporter genes
into a single gene could provide additional tools for the
analysis of cancer cells in vivo and ex vivo. A recombinant
protein consisting of the coding regions for GFP and
luciferase would provide the sensitivity of fluorescence and
the ease and real-time imaging of bioluminescence. Such a
dual-function reporter gene was created and the single
encoded protein was shown to be fluorescent and bio-
luminescent [48]. The GFP portion of the protein allowed for
analyses of single living cells expressing the chimeric protein
within a population by fluorescence microscopy, and the
luciferase activity could be detected from the same living
cells.

Luciferases comprise a family of enzymes that use
different substrates and biochemical mechanisms to emit
light of different wavelengths and that use different
biochemical mechanisms [41-43,84—86]. In addition,
directed and random mutageneses of firefly genes have
resulted in shifts in the wavelength of emission [84,88],
offering the possibility of multiparameter in vivo assays.
Sets of bioluminescent enzymes with different biochemical
requirements and different emission spectra have been
used in in vitro and culture-based assays to assess
expression of two different genes, usually one as control
and the other as the inducible test gene [47,89].
Combining the various fluorescent proteins to the wide
range bioluminescent enzymes increases the potential for
assays and models to evaluate high throughput multi-
parameter analyses of oncogenesis.

Neoplasia e Vol. 2, Nos. 1- 2, January-April 2000



In Vivo Biolominescent Imaging Contag etal. 49 1)

Summary and Conclusions

Advancing our understanding of neoplastic disease requires
the ability to effect biological processes in vivo and evaluate
the changes non-invasively at the molecular and cellular
levels. A basic premise of biology is that the investigator
specifically perturbs a biological process and then studies
the effects of this perturbation on the entire system to learn
about interactive processes, mechanisms and pathways. A
large number of biological events only occur in the context
of intact organ systems that cannot be modeled in culture.
For this reason, animal models are routinely utilized in
biomedical research. However, the ability to interrogate
cellular and molecular processes in living animal models
has been limited, and thus evaluating the effects of various
stimuli on complex biological processes in vivo was not
previously possible. In the study of neoplastic disease,
many of the molecular and cellular changes that are linked
to the initiation and progression of disease only occur in vivo
and may be largely undiscovered due to our inability to
access these changes in the living animal. With advance-
ments in molecular and cellular imaging, in vivo perturbation
and evaluation of steps in interwoven pathways may be
possible.

Similarly, improvements and modifications to animal
model systems are needed to further understand various
mechanisms of immune containment of neoplasia and to
develop new therapies to prevent and treat small numbers of
neoplastic cells present in minimal disease states. Since as
few as 1000 luciferase-labeled tumor cells distributed
throughout the peritoneal cavity were reliably detected and
quantified in living animals, and the signals were proportional
to tumor cell inocula over a broad dynamic range spanning at
least five orders of magnitude, the kinetics of tumor growth
from early stages of minimal disease to late stage disease
could be evaluated over time [52,53]. The ability to monitor
kinetics of tumor cell growth and localize micrometastases
non-invasively will reveal novel features of these processes
as well as elucidate cellular and tissue responses to tumor
growth.

The demonstrated ability to non-invasively detect small
numbers of tumor cells in living animals will permit the
assessment of therapies designed to treat minimal disease
states. Minimal residual disease that persists after elimina-
tion of the initial tumor mass often results in relapse of
disease and remains a major therapeutic challenge [57]. In
addition, as neoplastic diagnostic tests improve, therapies
that are directed at minimal disease states early in the
disease course would need to be developed. The ap-
proaches reviewed here can accelerate development of
therapeutic strategies by providing a rapid in vivo assay for
efficacy that is inexpensive and accessible. In vivo imaging
approaches, in general, will improve the predictability of
animal models of human neoplastic disease by providing
spatiotemporal information, and the ease and versatility of
photoprotein imaging can additionally be applied in high
throughput animal models for drug discovery. In addition,
information about the kinetics of tumor cell growth and
effects of endogenous immunological mechanisms can be
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directly assessed; thus, more information is provided despite
the rapid nature of the assay.

In vivo imaging of optical reporter genes is a broadly
applicable tool for the study of neoplasia. This approach can
provide real time data that indicate the spatial distribution of
tumor cells at multiple time points during the disease course.
Use of optical reporter genes provides information with
relatively short scan times; thus, rapid assessment of a
potential intervention in a fully quantitative manner is
possible. Since groups of animals can be followed over
time, far fewer animal subjects are required to obtain
statistically meaningful results. The stress on the animals
in these studies is dramatically reduced since whole body
imaging replaces the use of death as an endpoint and the
models can be evaluated in minimal disease states where
the tumor burden is small. Rapid whole body imaging and the
use of repeated measurements on groups of animals
improve the data set, accelerate the study and reduce stress
to the animals; taken together, these serve to generally refine
animal studies of neoplastic disease.

This method may also extend to assessing the tissue
distribution of host immune cells that recognize and eliminate
tumor cells. With these molecular tools for in vivo studies,
investigators can begin to analyze the mechanisms of
immune surveillance of neoplastic disease in living animal
models of human disease. Theoretically, other cell popula-
tions or biological functions that can be suitably labeled are
also amenable for study in living animal models. Further
modifications to the photoprotein reporters used in the
imaging strategy may permit the development of multi-
parameter or dual color assays for monitoring tumor
progression and interaction of the host response in the
same animal. Studies thus far using optical reporter gene
imaging have demonstrated that it is possible to track the fate
of tumor cells in vivo.

Advances
Developments in optical reporter gene technologies have
been dramatic since the discovery of GFP as an optical
tag to indicate promoter activity, intracellular trafficking (by
creating fusion proteins with GFP), or cell migration in
small nearly transparent animals [90,91]. The lessons
learned from the modifications of GFP can be applied to
other optical reporter genes such as luciferase. For
example, shifting of the emission wavelength of luciferase
reporters from primarily blue and green emission to those
that are more readily transmitted through tissues will
greatly enhance their utility for in vivo analyses
[69,70,92]. The barriers to transmission of light through
tissues include scattering and absorption. Absorption is
largely due to hemoglobin at shorter wavelengths up to
600 nm; above 800 nm, absorption is due to water.
Reporter genes that emit within this window would be ideal
for in vivo detection.

Advancements in imaging technologies will revolutionize
the study, treatment and prevention of neoplastic disease by
providing a wealth of critical information that has not been



™ 50

In Vivo Biolominescent Imaging Contag et al.

previously available. Continued commitment to imaging
research will lead to additional tools to reveal in vivo
biological events leading to essentially transparent animal
models, and the ability to assess cellular and molecular
events non-invasively. Further advancement of non-inva-
sive in vivo methods to study neoplasia will facilitate rapid
development of novel therapeutics against new molecular
targets, and enable assessment of therapeutic outcomes.
Development of multimodality imaging approaches will
greatly improve our ability to obtain structural and functional
data in animal models, and these advancements will likely
have direct bearing on clinical imaging and treatment of
human cancers.
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