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Abstract

The purpose of this study was to noninvasively monitor the therapeutic efficacy of cyclophosphamide (CTX) in a mouse model by
dual-modality molecular imaging: positron emission tomography (PET) and bioluminescence imaging (BLI). Firefly luciferase (fLuc)
transfected HCC-LM3-fLuc human hepatocellular carcinoma cells were injected subcutaneously into BALB/c nude mice to establish
the experimental tumor model. Two groups of HCC-LM3-fLuc tumor-bearing mice (n = 7 per group) were treated with saline or CTX
(100 mg/kg on days 0, 2, 5, and 7). BLI and "®F-fluorodeoxyglucose ('®F-FDG) PET scans were done to evaluate the treatment efficacy.
CTX induced a 25.25 = 13.13% and 35.91 + 25.85% tumor growth inhibition rate on days 9 and 12 posttreatment, respectively, as
determined by BLI. A good linear correlation was found between the tumor sizes measured by caliper and the BLI signals determined
by optical imaging (R = .9216). "®F-FDG imaging revealed a significant uptake reduction in the tumors of the CTX-treated group
compared to that in the saline control group (5.30 + 1.97 vs 3.00 = 2.11% ID/g) on day 16 after CTX treatment. Dual-modality
molecular imaging using BLI and small-animal PET can play important roles in the process of chemotherapy and will provide
noninvasive and reliable monitoring of the therapeutic response.

YCLOPHOSPHAMIDE (CTX) is a cell cycle-depen-

dent DNA and protein alkylating agent that has a
broad spectrum of activity against a variety of neoplasms
and is widely used in the clinical management of human
malignancies." CTX is inactive until it undergoes hepatic
transformation to form 4-hydroxycyclophosphamide,
which then breaks down to form the ultimate alkylating
agent, phosphoramide mustard. In clinical settings, treat-
ment of cancers by high-dose CTX is often accompanied
by host cytotoxic effects, including cardiac and renal
toxicity.” Therefore, a method to assess its efficacy early
during treatment is needed to improve patient care. The
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patients, who have no response and therefore may not
benefit from the therapy, would be able to avoid
unnecessary toxic side effects and switch to different,
more effective therapeutic approaches in a timely manner.

Molecular imaging, the visualization, characterization,
and measurement of biologic processes at the molecular
and cellular levels in humans and other living systems,’
provides a noninvasive tool for early lesion detection,
monitoring the therapeutic efficacy, and facilitating drug
development. Thereby, it would lead to much -earlier
diagnosis, earlier treatment, and better prognosis, which
will eventually enable personalized medicine.* '°F-
Fluorodeoxyglucose ('*F-FDG)-based positron emission
tomography (PET) has been well reported as a useful tool
to monitor tumor responses to therapeutics. On the other
hand, in vivo bioluminescence imaging (BLI) is also a
sensitive imaging modality that is rapid and cost-effective
and may comprise an ideal tool for early evaluation of
antitumor therapies in animal models. In this study, we
combined both BLI and '*F-FDG microPET to investigate
liver carcinoma responses to CTX treatment. It was
proposed that dual BLI and small-animal PET would
provide more accurate and reliable information on tumor
responses to chemotherapeutics.
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Materials and Methods

Materials and Reagents

The cytotoxic drug CTX was obtained from Peking Union
Medical College Hospital. 'F-FDG was routinely pro-
duced by the cyclotron team of the Department of Nuclear
Medicine, Peking Union Medical College Hospital. The
firefly luciferase (fLuc) transfected HCC-LM3 human
hepatocellular carcinoma cell line>® (HCC-LM3-fLuc)
was kindly provided by Prof. Jian Zhao of Shanghai
Second Military Medical University.

Cell Culture and Animal Model

HCC-LM3-fLuc human hepatocelluar carcinoma cells
were grown in Dulbecco’s Modified Eagle’s Medium
supplemented with 10% fetal bovine serum in a humidi-
fied incubator at 37°C in a 5% CO, atmosphere. Female
BALB/c nude mice (4-5 weeks of age) were purchased
from the Department of Experimental Animals, Peking
University Health Science Center. All animal experiments
were performed in accordance with the guidelines of the
Institutional Animal Care and Use Committee at Peking
University. The HCC-LM3-fLuc tumor model was estab-
lished by subcutaneous injection of 2 X 10° HCC-LM3-
fLuc tumor cells into the right upper flanks of BALB/c
nude mice. The mice were subjected to antitumor
treatment when the tumor volume reached ~100 mm’
(=2 weeks after inoculation).

BLI and Image Reconstruction

All BLI experiments were performed using an in vivo
optical molecular imaging system, ZKKS-MI-IV, which
was developed by Guangzhou Zhongke Kaisheng Medical
Technology Limited Company and the Molecular Imaging
Research Group of the Institute of Automation, Chinese
Academy of Sciences. A back-illuminated charge-coupled
device (CCD) camera (1,300 X 1,340 imaging array with
20 um pixel size, 16 bit) with a 55 mm f/2.8 lens is used to
capture the bioluminescent signals. The dark current of the
CCD is reduced to near-zero (0.5 electrons/pixel/hour)
with liquid nitrogen cooling even for long exposures. A
12-inch integrating sphere (USS-1200V-LL Low-Light
Uniform Source, Labsphere Inc., North Sutton, NH) is
used to calibrate the absolute intensity in physical units of
the CCD output value.

During BLI, anesthetized (2% isoflurane) animals were
placed in a light-tight chamber with light-emitting diodes
(LEDs) located on its top to minimize any affects of light

from outside the chamber. Photographic and biolumines-
cent images were acquired with LEDs on and off,
respectively. The bioluminescent image was overlaid on
the photographic image and represented in pseudocolor.
The image acquisition and processing were performed
using Windows Molecular Imaging System (WINMI)
software, which was developed based on the Medical
Imaging ToolKit (MITK’; Medical Image Processing and
Analyzing Group, Institute of Automation, Chinese
Academy of Sciences, Beijing, China; <www.mitk.net>).
This imaging fusion technology makes it easier to discern
the target tumors from the normal tissues.

In Vitro BLI

For in vitro BLI, a diluted series of HCC-LM3-fLuc cells were
inoculated into a black 96-well plate over the range of 780 to
1 X 10° cells per well (n = 3 per concentration). To each well
was added 100 pL of a mixture of D-luciferin (Biotium, Inc.,
CA, Fremont) and phosphate-buffered saline solution. After
incubating for 10 minutes, the plate was subjected to BLI
using the ZKKS-MI-IV Imaging System (Guangzhou
Zhongke Kaisheng Medical Technology Co. Ltd. and Mo-
lecular Imaging Research Group of Institute of Automation,
Chinese Academy of Sciences, Guangzhou and Beijing,
China). The parameters of CCD were set as f-number = 2.8,
binning = 6, controller gain = 3, rate = 1 MHz, resolution
= 16 bits, exposure time = 300 seconds. The optical density
(OD) of the region of interest (ROI) on the grayscale image
was measured by the image analysis program. The same size
of ROI was selected for comparison, and the OD of the
background was subtracted on each plate well.

CTX Treatment

Fourteen HCC-LM3-fLuc tumor-bearing nude mice (tumor
size =100 mm’) were randomly divided into two groups,
each of which had seven animals. In the CTX treatment
group, each mouse was intraperitoneally (IP) administered
with 100 mg/kg CTX in saline on days 0, 2, 5, and 7. In the
control group, each animal was IP administered with saline
accordingly. The tumor volume was estimated, assuming
the tumors were ellipsoid, using the formula volume = 41/3
(1/2 length X 1/2 width X 1/2 height). Tumor size and
animal weight were measured every day.

In Vivo BLI

Each mouse was fasted overnight before in vivo BLI. The pa-
rameters of CCD were set as f-number = 2.8, binning = 4,
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controller gain = 3, rate = 1 MHz, resolution = 16 bits,
readout = low noise. Bioluminescent intensity was
quantified from the image of peak bioluminescence using
WINMI software. ROI was manually drawn over the body
of the mouse. Photon-counting measurements summed
bioluminescent intensity for all pixels within the ROI over

the integration time.

"®F-FDG MicroPET Imaging

PET scans and image analyses were performed as
previously described® using a microPET R4 rodent model
scanner (Siemens Medical Solutions, Malvern, PA). After
16 days posttreatment, HCC-LM3-fLuc tumor-bearing
nude mice were injected via the tail vein with about
3.7 MBq (100 pCi) of "BE_.FDG under isoflurane
anesthesia. At 1 hour postinjection, 5-minute static PET
images were acquired (n = 5 per group). The images were
reconstructed by a two-dimensional ordered-subsets
expectation maximum (OSEM) algorithm, and no correc-
tion was applied for attenuation or scatter. For each
microPET scan, ROI were drawn over each tumor and the
contralateral background using the vendor software ASI
Pro 5.2.4.0 on decay-corrected whole-body coronal
images. The maximum radioactivity concentration (accu-
mulation) within a tumor or an organ was obtained from
mean pixel values within the multiple ROI volume and
was converted to megabecquerels per milliliter per minute
using a conversion factor. Assuming a tissue density of
1 g/mL, the ROI were converted to megabecquerels per
gram per minute and then divided by the administered

activity to obtain an imaging ROI-derived percentage
injected dose per gram of tissue (% ID/g).

Statistical Analysis

Quantitative data are expressed as mean *= SD. Means
were compared using one-way analysis of variance
(ANOVA) and a Student #-test, and p values < .05 were
considered statistically significant.

Results

In Vitro BLI

No significant difference between HCC-LM3 and HCC-
LM3-fLuc cells was observed in terms of proliferation,
tumorigenicity, or migration (data not shown). To
confirm that the level of reporter gene activity is correlated
with the number of cells, different numbers of HCC-LM3-
fLuc cells (780 to 1 X 10°) were assayed for fLuc enzyme
activity. A robust linear correlation between the cell
number and fLuc activity was observed (R = .9987;
Figure 1).

BLI Monitoring of the HCC-LM3 Tumor Response to
CTX

Two groups of mice (n = 7 per group) were subjected to
IP injection of either saline or CTX on days 0, 2, 5, and 7.
The baseline BLI signal was determined on the fourth day
before the first CTX treatment, and then BLI was done on
days 0, 2, 5, 7, 9, 12, and 16, respectively, to monitor the

% 10°
A Photonjsec p 10°
IE.ﬂ [
59 Rz = .9987 Figure 1. A, A diluted series of HCC-
3.9 LM3-fLuc cells was visualized b
i v Y
i i P 0001 bioluminescence imaging. A higher

Bioluminescent intensity
(photonfsec)
[

number of cells showed more intense
bioluminescent signal. B, Correlation
between the bioluminescent signals of
HCC-LM3-fLuc cells and cell number.
Linear regression analysis indicated
high correlation between the biolumi-
nescent signals and the cell number
(R? = .9987; p < .0001).
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Figure 2. Serial bioluminescence images of the HCC-LM3-fLuc tumor-bearing nude mice that underwent saline (A) or cyclophosphamide (B)
treatment.

progression of HCC-LM3-fLuc tumor burden. The pre-
sence of HCC-LM3-fLuc cells in the right flank could be
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BLI signals of the mice injected with saline increased
exponentially and became significantly different from the
CTX-treated group from day 5 onward (Figure 2 and

Figure 3. A, The quantified biolumi-
nescent intensity of the HCC-LM3-
fLuc tumors in the nude mice that
underwent saline or cyclophospha-
mide (CTX) treatment. B, HCC-
LM3-fLuc tumor sizes of the nude
mice that underwent saline or CTX
treatment. Volumes of tumors in each
treatment group were measured
and expressed as a function of time
(mean * SD, n = 7 per group). C,
Correlation between tumor biolumi-
nescent signals measured by in vivo
bioluminescence imaging and tumor
sizes measured by caliper. A strong
linear correlation was found (R® =
9216, p < .0001). D, The mice weight
of the control group or the CTX-
treated group over time (n = 7 per
group). The CTX administration
intervals are indicated by arrows.
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Figure 3A). CTX clearly inhibited the tumor growth in
vivo, although it was not able to completely ablate the
tumor progression. We found that CTX induced a 25.25 =
13.13% and 35.91 * 25.85% tumor growth inhibition rate
on days 9 and 12 posttreatment, respectively, as deter-
mined by BLI. The tumor sizes of nude mice were also
measured by caliper. As shown in Figure 3B and 3C, the
tumor sizes were increased in both groups. On day 7, the
tumor size in the CTX treatment group was significantly
smaller than that in the saline group. A good linear
correlation was found between the tumor sizes measured
by caliper and the bioluminescent signals were determined
by optical imaging (R* = .9216, p < .0001).

Throughout the study, the weight of CTX-treated
animals was monitored (Figure 3D). Although there was a
slight loss of body weight from day 2 compared to the
saline control group, none of the animals in the CTX-
treated group lost > 20% of its original weight.

'8E_FDG-PET to Monitor the Treatment Efficacy of
CTX

'"E_FDG-PET has been routinely used in both clinical and
preclinical studies to evaluate the stage of tumor progres-
sion and the efficacy of therapeutic intervention by
measuring the glucose metabolism. We carried out '*F-
FDG microPET scans on day 16 after CTX treatment.
Representative decay-corrected coronal images at 1 hour
after tail vein injection of '*F-FDG are shown in Figure 4A.
The heart had prominent uptake of '*F-FDG owing to the
constant beating, which has high demand for glucose. Both
the saline group and the CTX-treated group had
predominant '®*F-FDG tumor uptake compared to the
contralateral background. '"F-FDG imaging revealed a
significant uptake reduction in the tumors of CTX-treated
group compared to that in the saline control group
(530 = 1.97 vs 3.00 + 2.11% ID/g; p < .01, Figure 4B),
indicating a reduction in cell metabolic activity. To
exclude the effects of the different backgroud uptake of
8E_EDG in different animals, we also calculated the tumor
to background (T/B) ratios of BE_FDG at 1 hour
postinjection. As shown in Figure 4C, the T/B ratios of
"E-FDG in the CTX-treated group were also significantly
lower than those in the saline control group (p < .01).

Discussion

In this study, we demonstrated the noninvasive and
quantitative imaging of tumor response to CTX treatment
in a mouse model using the dual-modality imaging of BLI

and small-animal PET. Many imaging techniques have
been routinely used in the drug discovery process to
directly monitor the drug distribution and to evaluate the
effects of the drug in the context of tumor.” Compared to
conventional imaging modalities, molecular imaging
techniques will play a pivotal role in future cancer
management and personalized molecular medicine. In this
study, the in vitro experiments showed that the activity of
reporter gene was positively correlated with the number of
cells, demonstrating that BLI can be used in detecting the
tumor cell proliferation, namely the status of tumor
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Figure 4. A, Representative whole-body coronal microPET images of
HCC-LM3-fLuc tumor-bearing mice with '*F-FDG on day 16 after
cyclophosphamide (CTX) treatment. B, Comparison between the
uptake of '®F-FDG in HCC-LM3-fLuc tumors after treatment with
saline or CTX. The tumor uptake values are shown as % ID/g = SD
(n = 5/group). C, Comparison between tumor to background (T/B)
ratios of '®F-FDG in HCC-LM3-fLuc tumors after treatment with
saline or CTX (n = 5/group).

*indicates p < .0l.
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growth. The in vivo experiments showed that the intensity
of the BLI was linearly correlated with the tumor volume,
which was consistent with the in vitro result. We found
that BLI and '®F-FDG-PET could detect the therapeutic
response of HCC-LM3-fLuc tumors to CTX treatment. For
BLI, the total photon signals were significantly different
between the CTX-treated group and the control group as
early as day 9 after treatment. For PET, a marked
reduction in '"*F-FDG activity in the HCC-LM3-fLuc
tumors was noted for the CTX-treated group compared to
the saline control group.

In vivo BLI is a sensitive imaging modality that is rapid
and accessible and may comprise an ideal tool for evaluating
antitumor therapies in animal models.'"® Magnetic reso-
nance imaging (MRI) was previously used to noninvasively
determine the tumor size''; however, both living and dead
tumor cells, as well as dead tumor cell debris, infiltrating
host cells, and peritumoral edema, might all contribute
to the MRI-determined tumor volume. In contrast, the
tumor light output of luciferase transfected tumor cells is
presumably derived solely from metabolically active tumor
cells. This may represent an advantage of BLI over direct
measurement of tumor volume using MRI or digital caliper
as it provides a quantitative surrogate measurement of the
number of living tumor cells.

In conclusion, CTX therapy can inhibit the growth of
hepatocellular carcinoma xenografts in the nude mouse
model. Dual-modality molecular imaging using BLI and
small-animal PET can play important roles in the process
of the chemotherapy and will provide the noninvasive,
accurate, reliable, and more statistically relevant monitor-
ing of the therapeutic response.
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