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Evaluation of potential antineoplastic therapies would be en-
hanced by noninvasive detection of tumor cells in living animals.
Because light is transmitted through mammalian tissues, it was
possible to use bioluminescence to monitor (both externally and
quantitatively) growth and regression of labeled human cervical
carcinoma (HeLa) cells engrafted into immunodeficient mice. The
efficacy of both chemotherapy and immunotherapeutic treatment
with ex vivo expanded human T cell-derived effector cells was
evaluated. In the absence of therapy, animals showed progressive
increases in signal intensity over time. Animals treated with cis-
platin had marked reductions in tumor signal; 5*-fluorouracil was
less effective, and cyclophosphamide was ineffective. Immuno-
therapy dramatically reduced signals at high effector-to-target cell
ratios, and significant decreases were observed with lower ratios.
This model system allowed sensitive, quantitative, real-time spa-
tiotemporal analyses of the dynamics of neoplastic cell growth and
facilitated rapid optimization of effective treatment regimens.

Developments in cancer therapy have led to impressive
improvements in disease-free survival; however, effective

intervention strategies that target the small numbers of neoplas-
tic cells remaining after therapy or early in the course of disease
are major treatment challenges (1, 2). A significant percentage
of patients who have had an apparent complete response to
therapy enter a state of minimal residual disease that will
eventually result in relapse. In addition, as the sensitivity of
diagnostic tests improve, patients will be identified earlier in the
course of their disease, either during a relapse or at initial
diagnosis, preferably at a time when tumor load is minimal. The
development and optimization of therapies designed to treat
patients with reduced or limited tumor-cell burden may signif-
icantly enhance the overall results of therapeutic interventions.

Advancements in the treatment of minimal residual disease
states have been limited by a lack of adequate animal models in
which a small number of tumor cells can be detected and the
patterns of growth and distribution can be studied over time.
Mice with severe combined immunodeficiency (SCID) have
been useful for studying human tumor xenografts (3–5). 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 (6).
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 by using PCR, have the sensitivity to
detect DNA targets from small numbers of transformed cells but
are hampered by sampling limitations and often require killing
of the animal subjects (7, 8). Although a variety of other
surrogate markers of tumor growth have been used in animal
models (9), noninvasive, direct, and sensitive quantification of
tumor burden in vivo has not been shown previously. Monitoring
tumor growth, metastases, and response to therapeutic inter-
ventions in animal models of minimal disease states are critical
for the development of effective strategies that target small
numbers of neoplastic cells.

To enable studies of minimal disease, we have developed a
sensitive imaging approach that can be used to detect quantita-
tively small numbers of cells and, through the use of whole-body
imaging, follow tumor burden over several logs of cell growth.
This technique was accomplished by introducing a constitutively
expressed bioluminescent reporter gene encoding the photopro-
tein firefly luciferase into the chromosomes of a tumor-cell line,
transferring small numbers of these labeled cells into immuno-
deficient mice, and monitoring the distribution and growth of
these cells by using the light produced by the transformed cells
and transmitted through the anesthetized animals’ tissues to
monitor the distribution and growth of tumor cells (10). The use
of this method for the study of infection and gene expression in
living animals has been demonstrated effectively in earlier
studies (11–13).

Using this methodology, we have evaluated both conventional
chemotherapies and an immune cell therapy that uses cytokine-
induced killer (CIK) T cells. CIK cells are generated by culturing
peripheral blood mononuclear cells in the presence of IFN-g,
followed 1 day later by IL-2 and an anti-CD3 monoclonal
antibody (14–16). This incubation results in the dramatic expan-
sion of effector cells that have cytolytic activity against a broad
array of tumor-cell targets, including multidrug resistant cell
lines and autologous fresh tumor isolates (17–19). The cells with
the most robust antitumor activity express CD3, a T cell marker,
and the natural killer cell marker CD56. Effector cells with this
phenotype in the peripheral blood have also been shown to have
cytolytic activity (20–22). Cell killing by these effector cells
seems to proceed through a non-MHC-restricted mechanism
(17, 23). Currently, CIK cells are being evaluated in a phase IyII
clinical trial as adoptive immunotherapy for patients with re-
current lymphoma and Hodgkin’s disease.

In this study, conventional chemotherapies and adoptive
immunotherapy with human CIK cells were evaluated and
compared by monitoring spatiotemporal distribution of biolu-
minescent human-derived tumor cells in living immunodeficient
mice. In the absence of therapy, there were progressive increases
in signal intensities as an indication of increasing tumor burden.
In contrast, significant reductions in signal intensities were
observed in the treatment groups. This model system allowed
sensitive, real-time analyses of the dynamics and quantification
of neoplasia in time and space and facilitated rapid optimization
of effective treatment regimens.

Methods
Transfection of Tumor-Cell Lines. The human cervical carcinoma
line HeLa was transfected with a modified firefly luciferase gene
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(pGL3 series of vectors, Promega), and stable lines were gen-
erated under Zeocin (Invitrogen) selection. The pGL3 control
plasmid and the pZeo-SV2 vector (Invitrogen), which confers
resistance to the bleomycin analog Zeocin, were cotransfected
into HeLa cells by using the liposome formulation Lipo-
fectamine (GIBCOyBRL) according to the manufacturer’s rec-
ommendations. Optimal conditions for DNA delivery were
identified by adding luciferin (0.5 mgyml final; Molecular
Probes) to the cell culture medium. Selection of stable trans-
fectants was performed in Zeocin (500 mgyml), and light emis-
sion was used to confirm expression of the reporter gene.
Cultures were screened by using an intensified charge-coupled
device camera (C2400-32, Hamamatsu Photonics, Hamamatsu
City, Japan). Colonies of cells expressing light were grown in
DMEM supplemented with penicillin (100 unitsyml), strepto-
mycin (100 mgyml), glutamine (2 mmolyliter), 2-mercaptoetha-
nol (50 mmolyliter), FCS [10% (volyvol); HyClone], and Zeocin
(500 mgyml).

Imaging of Tumor Xenografts. Before imaging, mice were anesthe-
tized with pentobarbital (70 mgykg body weight). An aqueous
solution of the substrate luciferin (Molecular Probes; 50 mM;
126 mgykg) was injected into the peritoneal cavity 5 min before
imaging. The animals were then placed in a light-tight chamber,
and a gray-scale body-surface reference image was collected with
the chamber door slightly open. For this purpose, a low-light
imaging system, comprised of an intensified charge-coupled
device camera fitted with a 50-mm f1.2 Nikkor lens (Nikon) and
a computer with image-analysis capabilities, was used (10–13).
Subsequently, the door to the chamber was closed to exclude the
room light that obscured the relatively dimmer luciferase biolu-
minescence. Photons emitted from luciferase within the animal
and then transmitted through the tissue were collected and
integrated for a period of 5 min. A pseudocolor image repre-
senting light intensity (blue least intense and red most intense)
was generated on an Argus 20 image processor (Hamamatsu);
images were transferred by using a plug-in module (Hamamatsu)
to a computer (Macintosh 8100y100) running an image-
processing application (PHOTOSHOP, Adobe Systems, Mountain
View, CA). Gray-scale reference images and pseudocolor images
were superimposed by using the image-processing software, and
annotations were added by using another graphics software
package (CANVAS, version 5.0, Deneba, Miami, FL).

Generation of CIK Cells. CIK cells were prepared from human
peripheral blood mononuclear cells as described (15). Cells were
cultured in complete medium consisting of RPMI medium 1640
(Applied Scientific, San Francisco), 10% (volyvol) FCS (Hy-
Clone), 25 mmolyml penicillin, 100 mgyml streptomycin, 2
mmolyliter L-glutamine, and 50 mmolyliter 2-mercaptoethanol.
Human recombinant IFN-g (Genentech) was added at a con-
centration of 1,000 unitsyml. After 24 h of incubation, 50 ngyml
of CD3 (OKT3, Ortho Biotec, Raritan, NJ) and 300 unitsyml
human recombinant IL-2 (Chiron) were added. Cells were
subcultured every 5 days in fresh complete medium containing
300 unitsyml of IL-2. In vitro cytotoxicity against OCI-Ly8 (B cell
non-Hodgkin’s lymphoma), HeLa, and HeLa-luc cells was as-
sessed by cytotoxicity assays as described (14).

PCR. Cells from the peritoneal cavities of mice that had been
killed were removed by lavage by using 10 ml of ice-cold RPMI
medium 1640. Genomic DNA was prepared by using a phenol-
chloroform extraction. DNA from 1 3 107 cultured mouse cells
(NIH 3T3 alone or a serial dilution of HeLa with a stable
integration of the luciferase gene) was extracted. As a marker for
the xenograft, the luciferase gene was amplified by using a nested
set of primers from the prepared genomic DNA. The 59 and 39
primers were RL1 (59-agtAAGCTTGGCATTCCGGTACT-

GTTGGTAAAGCCACCATGGAAG-39 at positions 245–286
of pGL3-control plasmid; Promega) and LucR600 (59-GACG-
AACGTGTACATCGAGTGAAATCCCTGGTAAT-39 at po-
sitions 749–783). PCRs were carried out in a buffer system (10
mM TriszHCl, pH 8.3y50 mM KCly1% DMSO) for 3 cycles of
94°C for 1 min, 50°C for 1 min, and 72°C for 2 min and 37 cycles
of 94°C for 10 s, 60°C for 20 s, and 72°C for 2 min in the presence
of 1.75 mM MgSO4, 200 mM of each dNTP, 10 pmol of each
primer, 1 mg of genomic DNA, and 2.5 units of Taq polymerase
(24). The second-round primers were Luctop (59-ttaggatccGAA-
GACGCCAAAAACATAAAGAAA-39 at positions 283–306)
of pGL3 and RL6seq (59-CCCCTTTTTGGAAACGAACAC-
CACGGTAG-39 at positions 647–675). The template for the
second-round reactions consisted of 1 ml of a 1–10 dilution of the
first-round product. Second-round reactions were performed
with 3 cycles of 94°C for 20 s, 55°C for 20 s, and 72°C for 2 min
and 37 cycles of 94°C for 10 s, 60°C for 20 s, and 72°C for 2 min.
The control PCR for mouse genomic DNA was performed for
3 cycles of 94°C for 1 min, 45°C for 1 min, and 72°C for 2 min
and 37 cycles of 94°C for 10 s, 57°C for 20 s, and 72°C for 2 min
by using primers Hsp70.2top (59-ttggagctcAGTCAGTGGCG-
GCACCCGACAC-39 at positions 2619 to 2598 from ATG, the
translational start of the hsp70.2 gene) and Hsp70.2bot (59-
cagccatggTGACTGAAAAAACAGGCAAAGCAACGTT-39
at positions 230 to 23 from ATG), which produces a 633-bp
DNA fragment from the promoter region of the gene encoding
a 70-Kd heat-shock protein (Hsp70).

Statistical Methods. For both sets of chemotherapy and immuno-
therapy comparisons, the logarithm of each tumor signal was
used, comparing the geometric means at each time point. For
each set of experiments, ANOVA was first performed, each
yielding statistically significant differences among experimental
groups at the 0.05 level. The t test was then used to test the
difference between each experimental group and the control
group, and their nominal P values are reported. To adjust for
multiple comparisons that used the same control in each of the
experiments, the Dunnett’s test was also used (25).

Results
Sensitivity of Detection. The human-derived HeLa cell line was
labeled through expression of a stable integrant of a modified
luciferase (luc) gene derived from the North American firefly
(Photinus pyralis). These labeled cells are referred to as HeLa-luc
cells. The sensitivity of detecting HeLa-luc cells in vitro culture
is shown in Fig. 1A. As few as 30 cells can be detected above
background, and their signal can be quantitated (Fig. 1B). To
determine the sensitivity of detection in vivo, logarithmic dilu-
tion’s of HeLa-luc cells were injected into the peritoneal cavity
of SCID mice that had received prior irradiation of 200 cGy to
limit endogenous natural killer cell activity (26). The light
generated internally by the photoprotein expressed in the tumor
cells and then transmitted through the animals’ tissues was
monitored externally by using an intensified charge-coupled
device camera (13). The substrate luciferin was provided exog-
enously via i.p. injection. In this xenograft model of human
neoplasia, as few as 2,500 tumor cells distributed throughout the
peritoneal cavity could be detected externally (Fig. 1C). Quan-
titation was achieved by integrating the signal intensity over time
and was reported as total photon counts. The photon counts
externally detected from the animals were proportional to the
input number of cells injected over 4 logs of tumor cells (Fig. 1D).
Because quantitation of total photons, as an indicator of tumor
burden, was performed in living animals, progressive tumor
growth or regression could be monitored by repeated analyses of
animals in a single group at serial time points.
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Response to Chemotherapy in Vivo. Temporal analyses of tumor-
cell clearance after antineoplastic therapies in vivo were per-
formed in SCID mice engrafted with HeLa-luc cells. The
kinetics of tumor-cell growth were evaluated in groups of mice
that were treated with i.p. injections of cyclophosphamide (1
mgykg per day on days 2 and 3), 59-f luorouracil (59-FU; 25
mgykg per day on days 2, 4, 6, and 8), cisplatin (3 mgykg per day
on days 2, 5, and 8), or PBS (1 ml per animal on day 1 as
untreated control). Mice were imaged weekly for 4 weeks, and
total numbers of photons transmitted from the HeLa-luc cells in
vivo were determined (Fig. 2). Detecting early indications of
therapeutic efficacy well before the appearance of the traditional
endpoints of weight loss, palpable tumor nodules, or death was
possible in these analyses. In addition, it was possible to evaluate
individual trajectories of tumor-cell growth over time in these
mice, and thus, patterns of cell growth were revealed in living
animals without the limitations associated with tissue sampling
or using death as an end point.

A range of bioluminescent patterns was apparent in each of
the treatment groups. These ranged from apparently unimpeded
exponential growth to inhibition of growth with subsequent
relapse or reduction of signal below detectable levels for the
entire study period (Fig. 3). Among mice treated with cyclo-
phosphamide, there were no apparent differences in tumor
growth compared with the control group. In contrast, mice
treated with 59-FU showed attenuation of signal from tumor cells
initially; however, relapse was observed in each animal at various
times, indicating a delay compared with untreated controls.
Significant signal reductions were observed in the cisplatin-
treated group (Fig. 2). The total photon counts obtained for
several of the animals in this group were at or below background
levels. Once reduced, these signals remained undetectable over
the entire 28-day observation period. In mice treated with
cisplatin, the tumor burden, as indicated by the bioluminescent
signal, was significantly different from the control group at each

of the four observation points in the experiment: at day 7 after
tumor engraftment, the P value was 0.03; at day 14, P 5 0.0001;
at day 21, P 5 0.0001; and at day 28, P 5 0.0009. To account for
multiple comparisons with a single control group, the Dunnett’s
test was also used, resulting in statistical significance at the ,0.05
level at each time point. Images of animals in this treatment
group did reveal spatial distribution and temporal patterns of
tumor growth representing a full range of response to therapy
including clearance, relapse, and apparent unimpeded growth
(Fig. 3). In all animals where a signal above background became
apparent, tumor expansion ensued. During such relapses, ini-
tially, a focal pattern was observed that appeared to progress to
a more generalized pattern of light emission. However, signals
from anatomical sites other than the abdominal region never
became apparent in any animal at any time. Thus, despite
uniformity of inoculation and therapy, evidence of unique,
individualized patterns of tumor regression and growth in the
presence of therapy were apparent.

Response to Immunotherapy. A primary objective of this study was
to evaluate the effects of CIK cells on the in vivo growth of tumor
cells in minimal residual disease states. To establish a benchmark
of CIK cell cytotoxicity against selected targets, in vitro chro-
mium release assays were performed by using either the HeLa
human cervical cell line or the HeLa-luc derivative as targets and
comparing these results to those obtained with the human B
lymphoma cell lines OCI-Ly8 and SU-DHL4. Standardized
killing between 40 and 80% was observed against all four target
lines at an effector-to-target cell (E:T) ratio of 40:1, with
HeLa-luc cells being marginally less sensitive to killing than the
parental HeLa line (Fig. 4B). Previously, CIK cells have been
shown to be effective in eradicating the two human B cell
lymphoma cell lines as well as autologous chronic myelogenous
leukemia lines in SCID mouse models (14, 18). These in vitro
cytotoxicity assays suggested that expression of a foreign protein

Fig. 1. Sensitivity of detection of HeLa-luc cells in culture and in animals. (A and B) Dilution series of HeLa-luc cells were imaged in 96-well cell culture plates
over a range of 0–1,000 cells. Photon counts from each of the triplicate wells were determined with a 5-min integration time, and the means of total photon
counts were plotted with respect to cell number. (C) CB-17 SCID mice were irradiated with 200 cGy to eradicate residual natural killer activity. HeLa-luc cells, in
a series ranging from 25 cells to 2.5 3 108 cells, were injected into the mice (i.p.). Groups of 3–6 mice at each cell concentration (except for 2.5 3 108 cells, which
represents a single animal) were used to establish the limits of detection in vivo. Only the animals injected with the fewest cells are displayed here to show the
sensitivity of the detection method. (D) Signals from the entire abdominal region of each mouse were quantified, and the mean photon counts were plotted.
There was limited variation for each of the data points, which was ,0.1% for all data points, with the exception of 2.5 3 105 cells, which was ,5%.
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in the form of luciferase did not affect killing profiles, and thus,
labeled cell lines may also be similarly susceptible to CIK cell
killing in vivo.

The in vivo activity of CIK cells against the HeLa-luc cell line
was then studied, and the results were compared with the
response of HeLa-luc cells to chemotherapeutic agents. Three
immunotherapy treatment groups were evaluated following i.p.
injection of 1 3 104 HeLa-luc cells. A representative experiment
is shown in Fig. 2. Groups of seven mice received two treatments
of 1 3 106 CIK cells (E:T ratio of 100:1) on days 1 and 7, a single
dose of 1 3 107 CIK cells (E:T ratio of 1,000:1) on day 1, or two
doses of 1 3 107 CIK cells (E:T ratio of 1,000:1) on days 1 and
7. A fourth group received PBS only. All animals that received
CIK cell therapy had statistically significant reductions in tumor
signal compared with PBS-control animals (Figs. 2 and 4). The
group receiving 1 3 106 CIK cells showed a trend toward
attenuation of tumor signal early in the treatment period (P 5
0.2 at day 7), and a significant difference was observed by day 21
(P 5 0.01). By 28 days after treatment, significant differences
from the control group were not apparent, and all of the mice in
this group had detectable tumor signals. In contrast, the groups
receiving one or two treatments of 1 3 107 CIK cells showed

considerable reduction of tumor signal. At the end of the 28-day
treatment period, two of six mice treated with a single dose of
CIK cells were free of disease, and an additional two animals had
markedly reduced tumor signals as assessed by light emission. In
animals that received two doses of CIK cells, three of seven
animals were completely free of disease, whereas other animals
had a reduction in tumor signal, although tumor growth was
detectable (Fig. 4A). Statistically significant differences in the
mean values of tumor signals could be detected within 7 days
(P 5 0.01 for one CIK cell treatment of 107 cells, and P 5 0.007
for two treatments of 107 cells). These differences persisted
throughout the 28-day observation period. (On day 14, P 5
0.0001; on day 21, P 5 0.0001; and on day 28, P 5 0.0004 for one
treatment. On day 14, P 5 0.0001; on day 21, P 5 0.0012; and
on day 28, P 5 0.007 for two treatments.) In addition to the t
tests, Dunnett’s test was also used to correct for multiple
comparisons with a single control group. Statistical significance
at the ,0.05 level resulted at the same time points between the
same groups as above. Despite diminished signal intensities in all
CIK-treated animals, increased efficacy was observed at higher
E:T ratios and with multiple treatments as indicated by the
different patterns of tumor-cell growth and clearance.

Fig. 2. Tumor-cell growth in animals with and without therapy. SCID mice, 6–8 weeks old, were irradiated with 200 cGy to eradicate functional natural killer
cell activity (day 0). The following day, the mice received i.p. injections of 1 3 104 HeLa-luc cells, and baseline images and intensities were obtained. The mice
were then treated with cyclophosphamide, 59-FU, or PBS on day 1 as control. Tumor progression was monitored by measuring light emission from individual mice
every 7 days for a period of 28 days. Growth of tumors in individual treated mice is shown with black lines, and the range of tumor growth in the absence of
therapy is shown by the gray area. Growth curves designated by letters (A–C) indicate those tumor-growth profiles that show a range of therapeutic responses
that were selected for presentation in Figs. 3 and 4. In the immunotherapy treatment groups, SCID mice received either CIK cells or PBS as control.
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PCR Analysis of Long-Term Survivors. Long-term follow-up of the
animals revealed survival differences between the control group
and the groups treated either with CIK cells or cisplatin (P ,
0.01). These survival data correlated well with the reductions in
light intensity seen within these treatment groups during the first
4 weeks of the experiment. Long-term survivors had a complete
absence of bioluminescent signals at .75 days after treatment.
DNA from cells obtained by peritoneal lavage from three of the

cisplatin-treated animals was evaluated by PCR to determine
whether the tumor cells were detectable by another sensitive
assay (Fig. 5). Despite sensitivity to approximately a single copy
of the luciferase gene, no signal was detected in cellular DNA
from long-term survivors, substantiating the results of the bio-
luminescence assay in which signals also were not apparent.Fig. 3. Tumor dynamics after chemotherapy in vivo. Images representing the

entire time course for selected animals in each treatment group are shown;
letters correspond to plotted data designated A–C in Fig. 2. Three represen-
tative animals were selected from the PBS control group. Profiles of animals
with tumor-growth trajectories representing the full range of therapeutic
response are shown for the 5-FU and cisplatin groups. Images representing the
full time course for each animal are displayed identically at a bit range of 0–3
(first five columns) to show the exponential increases indicated in Fig. 2. The
last image, obtained at day 28, is displayed again at a bit range of 0–7 to reveal
the anatomic localization of the signals (last column).

Fig. 4. CIK immunotherapy in vivo and response of cell lines to CIK cells in
vitro. (A) Time courses for animals were selected to show the full spectrum of
response to immunotherapy. Animals A and B show relapse of tumor growth
after days 14 and 21, respectively. Animal C shows complete eradication of
tumor signal throughout the 28-day experimental period. (B) In vitro cyto-
toxicity of CIK cells against HeLa was not altered by luciferase expression.
Other cell lines are shown as representative targets for CIK cells.

Fig. 5. PCR analyses of long-term survivors in the cisplatin-treated group.
Mice were evaluated by PCR to determine whether DNA from the xenograft
could be detected in the absence of a detectable bioluminescent signal. PCR
with two sets of nested primers for the luciferase gene was performed on DNA
from cells obtained from the peritoneal cavity.
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Discussion
Improvements and modifications to animal model systems are
needed to understand further the various mechanisms of im-
mune containment of neoplasia and to develop therapies to
prevent and treat small numbers of neoplastic cells present in
minimal disease states (6). We addressed this previously unmet
need by developing a functional imaging method that permits the
study of small numbers of tumor cells in vivo in a noninvasive
manner. As few as 2,500 tumor cells distributed throughout the
peritoneal cavity could be reliably detected and quantitated in
living animals. Light emission was proportional to tumor-cell
inocula over a broad dynamic range of cell number over at least
four orders of magnitude. Thus, the kinetics of tumor growth
could be evaluated over time because of this broad dynamic
range.

By using this method, real-time functional data indicating
spatial distributions of tumor cells could be acquired at multiple
times during the disease course. Therefore, single animals could
be followed over time, removing intersample variability, with the
net result of improved statistical analyses. An additional advan-
tage of using cells labeled with a light-emitting optical signature
such as luciferase for these analyses is that the molecular tag is
copropagated with the target cells. Therefore, external signals
are proportional to tumor-cell burden (over several logs) and do
not decrease as the cell population increases as would occur with
a contrast agent, radionuclide label, or vital dye that would decay
or be diluted with increases in the cell numbers through cell
division (26).

By using this approach, the effects of both chemotherapy and
immunotherapies in the treatment of a human cervical carci-
noma cell line were rapidly evaluated in SCID mice, revealing the
in vivo dynamics of tumor regression and the efficacy of CIK cell,
59-FU, and cisplatin therapies. Both CIK cell treatment and
cisplatin therapy resulted in large reductions in tumor signal with
good statistical significance beginning at 7–14 days and continu-
ing throughout the study period. A dose-dependent response was
apparent among the CIK cell-treated animals. For example, in
the representative experiment shown in Fig. 2, the lower effector
cell dosage (1 3 106 CIK cells) resulted in transient responses in
three of five animals treated, in contrast to the animals treated
with higher cell doses (1 3 107 cells for one or two treatments)
that showed long-term reductions in signal intensities. As early
as days 7 and 14, these responses were significantly different than

those of untreated control animals. Approximately half of the
animals receiving 1 3 107 effector cells had a complete resolu-
tion of tumor signals. Because the extent and tempo of disease
can be monitored in intact living animals, this approach provides
a ‘‘window’’ into early tumor-growth kinetics and response to
therapy with the ability to follow disease progression for weeks.
This model system allows for the rapid optimization of therapies
directed toward the control of disease at times of minimal tumor
burden. Furthermore, patterns of relapse and metastases can be
followed, which may help to direct the choices of treatment
modalities, combination therapies, and routes of administration.

Animal models traditionally have been cumbersome because
of the difficulty in quantitating tumor burden and the require-
ment for either bulk tumor growth or animal survival as end
points to evaluate the effect of a potential therapy (5). Our
imaging strategy provides information concerning the spatial
and temporal patterns of tumor-cell growth that can be accessed
quickly. Thus, rapid assessment of a potential intervention in a
fully quantitative manner is possible. Because far fewer animal
subjects are required to obtain statistically meaningful results
and because the data obtained reveal functional information,
animal studies can be refined. Moreover, because the studies can
be performed in minimal disease states, the stress on the animals
that are studied can be reduced dramatically.

With this approach, it should be possible to track, not only the
fate of tumor cells, but also the tissue distribution of effector cells
and thus begin to analyze the mechanisms of immune surveil-
lance of neoplasia in vivo. Theoretically, other cell populations
or biological functions that can be suitably labeled are amenable
for study in living hosts with human diseases. Further modifi-
cations of this model system with closely related photoproteins
that have similar biochemical characteristics but different emis-
sion wavelengths may permit the development of dual-color
assays for monitoring tumor progression and interaction of the
host response in the same animals (27).
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