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Transgenic mouse models of human cancers represent one of
the most promising approaches to elucidate clinically relevant
mechanisms of action and provide insights into the treatment
efficacy of new antitumor drugs. The use of Trp53 transgenic
mice (Trp53 knockout [Trp53~/~] mice) for these kinds of stud-
ies is, so far, restricted by limitations in detecting developing
tumors and the lack of noninvasive tools for monitoring tumor
growth, progression, and treatment response. Methods: We
hypothesized that quantitative small-animal PET with '8F-FDG
was able to detect the onset and location of tumor develop-
ment, follow tumor progression, and monitor response to che-
motherapy. To test these hypotheses, C57BL/6J Trp53~~ mice
underwent longitudinal small-animal PET during lymphoma
development and gemcitabine treatment. Trp53 wild-type
(Trp53+/*) mice were used as controls, and histology after full
necropsy served as the gold standard. Results: In Trp53*/+
mice, the thymic standardized uptake value (SUV) did not
exceed 1.0 g/mL, with decreasing '8F-FDG uptake over time.
Conversely, all Trp53~~ mice that developed thymic lymphoma
showed increasing thymic glucose metabolism, with a mean
SUV doubling time of 9.0 wk (range, 6.0-17.5 wk). Using an
SUV of 3.0 g/mL as a criterion provided a sensitivity of 78%
and a specificity of 100% for the detection of thymic lymphoma.
Treatment monitoring with '8F-FDG PET correctly identified all
histologic responses and relapses to gemcitabine. Conclusion:
18F-FDG small-animal PET can be used to visualize onset and
progression of thymic lymphomas in Trp53—/~ mice and mon-
itor response to chemotherapy. Thus, '8F-FDG small-animal
PET provides an in vivo means to assess intervention studies
in the Trp53 transgenic mouse model.

Key Words: p53; knock-out mice; molecular imaging; metabolic
imaging; treatment monitoring

J Nucl Med 2010; 51:1285-1292
DOI: 10.2967/jnumed.109.073585

Received Dec. 4, 2009; revision accepted Apr. 20, 2010.

For correspondence or reprints contact: Martin A. Walter, UCLA
School of Medicine, University Hospital, Petersgraben 4, Basel,
Switzerland 4031.

E-mail: m.a.walter@gmx.net

Guest Editor: Franz Buchegger, University Hospital of Lausanne

COPYRIGHT © 2010 by the Society of Nuclear Medicine, Inc.

Murine cancer models are important tools for onco-
logic research. However, currently used transplantation
models in immunodeficient mice are not an optimal model
for tumors in humans, because subcutaneous transplanta-
tion of malignant cells initiates tumors far distant from the
original site of the tumor, a lack of an intact immune sys-
tem in these mice could alter pathophysiologic character-
istics of the tumor, and tumors that emerge from long-term
cultured cell lines might not display the natural characteristics
of the human tumor. In contrast, transgenic mouse models
have been proven to be an important model to help elucidate
clinically relevant mechanisms of action and provide insights
into treatment efficacy of new antitumor drugs (/,2).

The tumor suppressor p53 is the most frequently mutated
gene in human cancers, including a wide variety of solid (3)
and hematologic malignancies (4). Therefore, p53 has
emerged as an important target for novel cancer therapies.
As a transcription factor, p53 is involved in regulating the
cell cycle, apoptosis, and senescence; facilitating DNA
repair; and antagonizing angiogenesis (5). Clinical studies
have demonstrated that p53 inactivation is associated with
rapid disease progression (6—10) and poor clinical outcome
(11) in several lymphoma types.

The Trp53 knockout (Trp53™/~) mouse was the first
tumor-suppressor knockout model reported (/2). Homolo-
gous recombination was used to disrupt the Trp53 gene by
replacing both intron 4 and exon 5 (/2), exon 2 (I3), or
exons 2-6 (14,15) to generate Trp53~/~ mice (16). These
mice are highly susceptible to the formation of a variety of
tumors. The most common tumor type is the thymic lym-
phoma, which occurs in about 70% of the animals (/2).
Trp53~/~ mice have been widely used to study the role
of p53 in the biology of lymphomas (/7-20). The use of
transgenic Trp53~/~ models for intervention studies, how-
ever, has been limited by the lack of noninvasive tools for
monitoring lymphoma development and treatment response
in living mice.
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The gold standard for phenotypic analysis in murine
cancer models is histology, which requires tissue removal
and thereby precludes longitudinal investigations in the
same animal, including treatment studies. Caliper measure-
ments, on the other hand, offer longitudinal estimation of
growth in palpable tumors and thereby exclude most
orthotopic tumor models, such as the thymic lymphomas
developing in Trp53~/~ mice.

PET is an imaging technique that allows for the non-
invasive visualization and quantification of metabolic
processes in vivo. PET provides the means to measure the
rates of biologic processes using molecules labeled with
positron-emitting radioisotopes. The most commonly used
labeled PET probe is '8F-FDG, which allows imaging of
alterations in glycolysis associated with malignant transfor-
mations in cells. Hodgkin lymphoma and most subtypes of
indolent and aggressive non-Hodgkin lymphoma have
markedly increased rates of glycolysis and, accordingly,
I8F-FDG PET shows a high sensitivity and specificity in
the initial diagnosis and staging of these malignancies (21).
Furthermore, '8F-FDG PET allows for the early monitoring
of treatment responses that induce changes in glycolysis
and thereby the prediction of treatment responses in
patients undergoing systemic chemotherapy (22). In addi-
tion, recent studies have indicated that loss of p53 function
alters cellular glucose metabolism, further supporting the
use of '8F-FDG PET in the Trp53~/~ model (23,24). '8F-
FDG PET has been used to monitor tumor progression in
breast cancer xenografts (25), but to our knowledge there
are no data on the use of '8F-FDG PET for monitoring
malignant transformation and tumor progression in ortho-
topic murine tumor models.

Herein we describe the use of '8F-FDG PET for monitor-
ing development and treatment response of orthotopic lym-
phomas in the Trp53~/~ mouse model. We hypothesized
that PET could allow the noninvasive monitoring of lym-
phoma activity in Trp53-deficient mice and would permit
early treatment monitoring. We report that '®F-FDG PET
can accurately assess the onset of thymic lymphomas, pro-
vide a readout of the proliferation fraction and progression,
and determine response and relapse in systemic chemother-
apy of Trp53~ mice.

MATERIALS AND METHODS

Animals

p53 knockout mice originally developed by Donehower et al.
(12) were purchased from GenPharm. The mice were crossed into
a C57BL/6JP™/Pun genetic background. The genotype of the Trp53~/~
mice was determined by polymerase chain reaction using the primer

pair p53 forward (5'-GTG TTT CAT TAG TTC CCC CAC CTT TGA
C-3") and p53 reverse (5'-ATG GGA GGC TGC CAG TCC), and
pS3-neo (5'-CGC ATC GCC TTC TAT CGC CT-3"). Polymerase
chain reaction was performed for 35 cycles of 94°C for 30 s, 63°C
for 2 min 30 sec, and 72°C for 7 min.

Mice were bred and maintained in a specific pathogen-free
animal facility with a 12-h light and dark cycle, at 22°C % 1°C
and a relative humidity of 40%—-70%. Food and water were sup-
plied ad libitum. Cages and water bottles were changed once
a week throughout the study. All animal manipulations were
conducted with sterile techniques in accordance with the Guide
for the Care and Use of Laboratory (26) and the guidelines of the
University of California at Los Angeles (UCLA) Animal Research
Committee.

Small-Animal PET/CT

Small-animal PET/CT scans were obtained under standardized
conditions using the microPET Focus 220 scanner (Siemens
Preclinical Solutions) and MicroCAT II scanner (Siemens Pre-
clinical Solutions). '®F-FDG production and quality control were
performed by the UCLA cyclotron facility. Mice were fasted for
12 h before '8F-FDG injection but allowed free access to water.
For '8F-FDG injection and imaging, mice were anesthetized using
2% isoflurane. The animals were then intraperitoneally injected
with 7.4 MBq (200 p.Ci) of '8F-FDG, allowed to regain conscious-
ness, and kept at 37°C until imaging. Imaging was started at
60 min after an intraperitoneal injection. Mice were imaged in a
chamber that minimized positioning errors between PET and CT
to less than 1 mm (27). Image acquisition time was 10 min.
Images were reconstructed by filtered backprojection, using a
ramp filter with a cutoff frequency of 0.5 Nyquist. Image counts
per pixel per second were calibrated to activity concentrations
(Bg/mL) by measuring a 3.5-cm cylinder phantom filled with a
known concentration of '8F-FDG. Immediately after the PET
scan, the mice underwent a 7-min micro-CT scan using routine
image-acquisition variables (70 kVp, 90 mAs, with 2-mm alumi-
num filters).

Image Analysis

Images were analyzed using AMIDE software (28). Spheric
regions of interest (2 mm in diameter) were placed in regions of
focal '8F-FDG uptake not explained by the physiologic distribu-
tion of '®F-FDG in mice. All regions of interest were defined on
fused PET/CT images to ensure reproducible positioning. The
intensity of '3F-FDG uptake was quantified using the mean stand-
ardized uptake value (SUV) (tissue radioactivity concentration/
[decay-corrected injected activity/body weight]; expressed in
g/mL). Maximum-intensity-projection images were also generated
to provide a whole-body overview of disease extension.

Gemcitabine (Gemzar; Eli Lilly Co.) In Vivo
Treatment Model

To explore the ability of '8F-FDG PET as a monitoring tool in
systemic chemotherapy, we treated Trp53~~ mice with tumors
detected by '8F-FDG PET with gemcitabine. Stock solutions of

FIGURE 1.

General study layout. Eight-week-old Trp53~/~ mice that developed (A) or did not develop (B) thymic lymphoma

were subjected to serial PET/CT scans until age of 24 wk or until death. For control, Trp53*/+ mice (C) were scanned with same
PET/CT protocol per scan. Each row of images corresponds to a given animal, and each column corresponds to time point for
imaging. Intensity scale displays color scale representing uptake relative to brain. Example image (D) represents enlarged view

of study mouse, showing different uptake levels in organs.

PET/CT N Trr53~/~ Mice » Walter et al. 1287



= 9] —8—p3410 = 9] 3369 T 9] —8—p3305
P p P
E —o— p3465 E 3316 £ —— 3299
B e B
381 S=Pados 38 Bip100 28 S=P33ss
g —8— 3543 s s —8— 3379
e —8&—p3555 = % =—p3291
o 7] 2 71 x 71 —®—p3326
] ] ) —A—p3332
o -5 o
=] - -
3° 3° 3°
2 B i
B 51 3 51 S 57
= c =
o m o
% 5 ]
5 4 g 4 5 41
@ Q @
= 2 =
31 3] 31
21 2] 21
11 m 11 11
° \ ;
U r T T 1 U’ T T 1] U’ r T T 1
0 10 20 30 10 20 30 0 10 20 30
Age (wk) Age (wk) Age (wk)

FIGURE 2. Serial thymic '8F-FDG uptake in Trp53*/* mice (A), Trp53~/~ mice that did not develop thymic lymphoma (B), and
Trp53~/~ mice that developed thymic lymphoma (C). SUV higher than 3 g/mL was found only in mice with thymic lymphoma,
and SUV below 3 g/mL correctly ruled out thymic lymphoma in 5 of 7 mice.

10 mg of gemcitabine per milliliter were prepared in 0.9% NaCl.
Mice received an intraperitoneal injection of 100-200 wL of gem-
citabine at a dose of 60 mg/kg (starting at day 0) every 4 d and
were sacrificed after 12-24 d. Serial '8F-FDG small-animal PET

FIGURE 3. Correlation of PET/CT with
histology. Regions of interest (circles)
were placed on serial sections of
coronal and sagittal PET/CT images (A)
to compute '8F-FDG uptake in selected
organs. Uptake was followed over study
period (B). Each mouse was sacrificed
after last scan to obtain histology from
organs of interest (C). Mouse p3355
developed thymic lymphoma with low
18F-FDG uptake, with mitotic index
of 11.6. In contrast, mouse p3329
developed thymic lymphoma with high
18F-FDG uptake, with mitotic index of
77.2. Mouse p3389 also developed
lymphoma in spleen, with 60% organ
involvement.

was performed on all treated mice every 4 d to measure changes in
glucose use in selected target tissues. Mice were weighed every
4 d and examined daily for signs of toxicity (weight loss > 15%;
reluctance to move, eat, or drink; hunched posture; ruffled coat or
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fur loss). When signs of toxicity that did not resolve within 24 h
were observed, mice were euthanized. After 12-24 d of gemcita-
bine treatment, all animals were sacrificed after a final scan and
were fixed in 10% buffered formalin. Twenty-four hours later, the
formalin-preserved animals were transferred for full necropsy and
histologic examination.

Histopathology and Mitotic Index

All necropsies and histologic examinations were performed by
a veterinary pathologist (UCLA Division of Laboratory Animal
Medicine Diagnostic Service Laboratory) unaware of the genotype
data, treatment information, and PET results. Tissues of all
thoracic and abdominal organs were histologically examined.
The selected tissues were sliced, placed in tissue cassettes, and
submitted for paraffin-embedding and sectioning. Each paraffin
block was sectioned to 4 wm, and routine Mayer hematoxylin and
eosin staining was performed. Each tissue was examined by light
microscopy, and all pathology was recorded.

The mitotic index was based on the most mitotically active
areas. Five fields were counted, and the mean number of mitotic
figures per x40 magnification fields was determined.

Statistical Analyses

Discrete variables were summarized by counts and percentages
and continuous variables by their medians and ranges, unless
stated otherwise. The '8F-FDG SUV doubling time in thymic
lymphomas was assessed using an exponential growth equation.
The association of mitotic indices and SUVs was analyzed using
Spearman correlation. All P values were 2-sided, and P values less
than 0.05 were considered to be statistically significant. Data were
analyzed using Statistica software (version 6.0; StatSoft) for
Windows (Microsoft).

RESULTS

18F-FDG PET Can Accurately Assess Onset of Thymic
Lymphomas in Trp53~/- Mice

Twenty-one mice underwent serial '8F-FDG PET for the
diagnostic part of this study (14 Trp53~~ mice and 7 Trp53
wild-type [Trp53™/*] littermates as controls; mean age =
SD, 9.3 = 3.8 wk). Figures 1A—1C show the general study
layout, and Figure 1D shows a representative image, with
areas of high metabolic activity in the thymic lymphoma,
brain, and heart and in '®F-FDG excretion pathways such as
the kidneys and urinary bladder.

Nine of 14 Trp53~~ mice (64.2%) developed thymic lym-
phomas; lymphomas were excluded by histology in 5 Trp53~~
mice (35.8%). In Trp53™/* mice, '®F-FDG PET measured
thymic SUVs exclusively below 1 g/mL (Fig. 2A). Further-
more, serial imaging revealed that SUVs in the thymus of the
Trp53™/* mice were decreasing around week 16.

All Trp53~~ mice in which a lymphoma was excluded by
histology displayed thymic SUVs below 3 g/mL over the
entire observation period (Fig. 2B). Serial PET measure-
ments revealed no decrease in glucose metabolism over time
in the Trp53~" mice, compared with the Trp53™*/* mice.

All Trp53~~ mice that developed thymic lymphoma
showed increasing thymic glucose metabolism over time.
The earliest lymphoma measurable by PET was found in a
16-wk-old mouse using an SUV of more than 3 g/mL as a

criterion of lymphoma development. The thymic lympho-
mas showed a mean SUV doubling time of 9.0 wk (range,
6.0-17.5 wk; Fig. 2C), and 7 of these lymphomas displayed
SUVs exceeding the threshold of 3 g/mL (sensitivity,
77.8%; specificity, 100%).

18F-FDG PET Provides Readout of Proliferation
Fraction in Trp53—/~ Mice

High rates of glycolysis, as seen with high '8F-FDG
uptake values, were generally found in highly proliferative
thymic lymphomas (Figs. 3A-3C). At necropsy, the thymic
lymphomas from the diagnostic (PET-positive, n = 5; PET-
negative, n = 2) and therapeutic parts of this study (in
remission, n = 3; in relapse, n = 1) showed a median
mitotic index of 13.2 (range, 0-77.2), and the median thy-
mic SUV of the corresponding '8F-FDG PET scan was 3.1
g/mL (range, 0.5-6.4 g/mL). The Spearman test revealed a
positive linear correlation between mitotic index and SUV
(P = 0.002, r = 0.83, Fig. 4). Three Trp53~/~ mice devel-
oped histologically verified secondary lymphoma lesions in
the spleen. These lymphomas could also be monitored via
serial '8F-FDG PET (Fig. 3). Furthermore, 3 Trp53~/~
mice developed malignancies other than lymphomas (1
intestinal carcinoma, 1 hemangiosarcoma, and 1 epididy-
mal cancer). These tumors were also visualized on the '8F-
FDG PET scan.
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FIGURE 4. Correlation of '8F-FDG uptake and proliferation.
Thymus SUV in final 8F-FDG PET/CT scan and mitotic index
of thymic lymphoma were determined in 11 mice and
displayed linear correlation, with r = 0.83 (error bars
indicate [x-axis] SD of 5 independently counted mitotic
indices and [y-axis] SD of mean SUV within 1 selected
region of interest). All SUVs were determined on last scan
before sacrifice. Dashed lines represent 95% confidence
intervals for trend line of correlation. Ml = mitotic index.
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FIGURE 5. Gemcitabine treatment model. Thirteen Trp53~- mice were serially scanned; 6 of these mice developed thymic
SUVs exceeding 3 g/mL. These 6 mice were scanned and treated intraperitoneally with 60 mg of gemcitabine per kilogram every
4 d and were sacrificed at 12-24 d after initialization of treatment (A). Gemcitabine treatment resulted in complete remissions at
days 12 and 16 and local recurrence under therapy at days 20 and 24 of treatment, as verified by histology. Accordingly,
18F-FDG PET revealed decrease of glucose metabolism in all treated thymic lymphomas, with subsequent increase of
glucose metabolism (SUV > 3 g/mL) at days 20 and 24 of treatment (B).

18F-FDG PET Accurately Determines Response and These mice were scanned and treated intraperitoneally with
Relapse in Systemic Chemotherapy of Trp53~/~ Mice 60 mg of gemcitabine per kilogram every 4 d and were

For the treatment study, 13 Trp53~~ mice were serially sacrificed at 12-24 d after the initialization of treatment.
scanned; 6 of these developed thymic SUVs exceeding 3 g/ The treatment was generally well tolerated; no signs of
mL without developing additional malignancies (Fig. 5A). toxicity or weight loss during treatment were observed
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(mean weight: day 0, 27.3 = 4.9 g; day 12, 27.5 * 4.3 g).
Gemcitabine treatment resulted in complete remissions at
days 12 and 16 (n = 3) and local recurrences under therapy
at days 20 and 24 of treatment (n = 3), as verified by
histology (Fig. 5B). Accordingly, treatment monitoring
with '8F-FDG PET revealed a decrease of glucose metab-
olism in all treated thymic lymphomas (SUV < 3 g/mL),
with subsequent increase of glucose metabolism (SUV >
3 g/mL) at days 20 and 24 of treatment.

DISCUSSION

This study demonstrates that functional PET with !8F-
FDG on a dedicated small-animal scanner can be used to
follow the development and treatment-induced metabolic
changes of thymic lymphomas in 7Trp53~/~ mice. !8F-
FDG PET was able to assess the onset of thymic lympho-
mas, provide a readout of the proliferation fraction, and
monitor response and relapse after systemic chemotherapy
in Trp53~/~ mice. These findings facilitate intervention
studies for the p53 knockout and possibly other transgenic
cancer-predisposed mouse models.

18F-FDG PET as Readout of Tumor Biology in
Trp53—/~ Mice

In Trp53™/* mice, serial '3F-FDG PET enabled the study
of the time course of physiologic changes in thymus metab-
olism of p53 wild-type mice. Decreasing glucose metabo-
lism was found around week 16, consistent with the time of
onset of thymic involution (29). When compared with wild-
type mice, Trp53~/~ mice with histologically excluded
lymphomas showed elevated thymic glucose metabolism.
This result may be due to the fact that loss of p53 function
can change the energy source in cells from respiratory path-
ways to glycolysis (24,30,31). With the SUV threshold of
3 g/mL established in this study, these metabolic measure-
ments can be used as a diagnostic test with a high sensi-
tivity and specificity for detecting lymphoma development
in Trp53~~ mice.

To be useful for the preclinical evaluations of drugs and
other therapeutics, any method for assessing lesions should
also provide the ability to characterize biologic features of
individual lesions. This study demonstrates that in Trp53~~
mice the level of tumor '8F-FDG uptake is highly corre-
lated with the proliferation of individual lesions. However,
it has to be emphasized that isoflurane has been shown to
increase serum glucose levels during anesthesia (32,33), as
is reflected by an increase myocardial '8F-FDG uptake.
This increase might pose difficulties during quantification
of lesions near the heart, such as the thymus, by spillover
due to partial-volume effect. Furthermore, part of the
increase in SUVs over time might be due to tumor growth
and a resulting decrease in partial-volume effects.

A further capacity of serial PET demonstrated by this
study is the whole-body scan that is able to detect and
monitor further lesions in, for example, the spleen. Addi-
tionally, malignancies other than lymphomas frequently

develop in Trp53~~ mice. Here, '®F-FDG PET can reduce
the number of mice needed for an intervention study,
because these additional lesions can be detected and the
respective mice can be excluded from experiments focusing
on lymphoma development and progression.

18F-FDG PET for Treatment Monitoring in
Trp53—/~ Mice

A gemcitabine treatment model in Trp53~/~ mice was
used to validate the use of '8F-FDG PET for assessing
response to systemic chemotherapy. Gemcitabine is a pyri-
midine analog that has shown promising results, especially in
pretreated patients with Hodgkin lymphoma and non-Hodg-
kin lymphoma (34). The favorable toxicity profile of gemci-
tabine allows the development of combination regimens with
other cytotoxic drugs (35). This study revealed that treatment
with 60 mg of gemcitabine per kilogram every 4 d in
Trp53~/~ mice reproducibly induces treatment response,
with subsequent relapse under therapy, each accurately
assessed by '8F-FDG PET. Moreover, the SUV threshold
of 3 g/mL for predicting the presence of thymic lympho-
mas, as derived from the diagnostic part of this study, was
validated to indicate tumor relapse during therapy.

These studies illustrate the value of '8F-FDG PET of
alterations in glycolysis in identifying lymphomas and
associated malignancies during their development through-
out tissues of the body and assessment of therapeutic
responses using Trp53~/~ mice. The longitudinal studies
in which each animal serves as it own control increase
the statistical power for detecting changes in glycolysis
and reduce the number of animals needed for a given level
of significance per study objective.

The unique importance of the tumor suppressor gene
Trp53 in human cancer has prompted significant effort in
the development of several strategies for modulating p53 in
cancer cells. These therapies include small molecules and
peptides that restore normal p53 function in tumors (36)
and gene therapy approaches for eliminating mutant p53
(37) or delivery of wild-type p53 directly into tumor cells
(38). So far, clinical trials show limited therapeutic benefits,
despite promising preclinical results (39—41). These clinical
results clearly demonstrate that further in vivo studies are
required for improving p53-targeting cancer therapy. In this
context, orthotopic tumor models remain important because
they, in particular, enable the site-specific dependence of
the treatment and testing principles of early intervention
therapies to be analyzed (42).

CONCLUSION

Our study seems to be the first study to demonstrate that
longitudinal noninvasive small-animal PET allows for the
precise and efficient analysis of lymphoma growth and
therapy response and detection of further involved organs in
the Trp53~/~ mouse model. Thereby, '8F-FDG PET has the
potential to become a valuable tool for refining of p53-
targeting cancer therapy.
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