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Abstract: Since the development and evaluation of novel anti-cancer therapies require molecular insight in the dis-
ease state, both FDG-PET and BLI imaging were evaluated in a Burkitt B-cell ymphoma xenograft model treated with
cyclophosphamide or temsirolimus. Daudi xenograft mice were treated with either cyclophosphamide or temsirolimus
and imaged with BLI and FDG-PET on dO (before treatment), d2, d4, d7, d9 and d14 following the start of therapy.
Besides tumor volume changes, therapy response was assessed with immunohistochemical analysis (apoptosis). BLI
revealed a flare following both therapeutics that was significantly higher when compared to control tumors. FDG-PET
decreased immediatelly, long before the tumor reduced in size. Late after therapy, BLI signal intensities decreased
significantly compared to baseline subsequent to tumor size reduction while apoptosis was immediately induced
following both treatment regimen. Unlike FDG, BLI was not able to reflect reduced levels of viable cells and was not
able to predict tumor size response and apoptosis response.
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Introduction

For the development and evaluation of novel
anti-cancer therapies it is crucial to monitoring
tumor growth in research models. The tradi-
tional techniques to follow up tumor growth in-
volve monitoring life span of animals or measur-
ing tumor size with calipers, however these fail
to capture minimal disease states. More de-
tailed histological and molecular analysis of
tumors may elucidate more information but ne-
cessitate animal sacrifice and therefore don’t
allow serial observations of response to therapy
in the same animal over time. To overcome
these limitations non-invasive imaging modali-
ties allow to follow-up tumor response over
time. Imaging of tumor size with computed to-
mography (CT) or magnetic resonance imaging
(MRI) is limited because information on molecu-
lar response is minimal and tumor size reduc-
tion regularly occurs late after therapy. Positron

emission tomography (PET) using the glucose
analogue 2-[18F]fluoro-2-deoxyglucose (FDQG)
allows to assess metabolic changes following
effective treatment. In clinical oncology FDG-PET
is an established imaging technique for cancer
diagnosis and also demonstrates to be highly
predictive for progression free survival and over-
all survival in several types of cancer patients [1
-4]. This imaging modality has been adapted for
small animals allowing to monitor therapy in
animal models with microPET systems using
FDG. Unfortunately, the specificity of FDG is
limited, mainly because this tracer may as well
accumulate in inflammatory cells, but also be-
cause certain therapies may alter glucose me-
tabolism without tumor remission [5, 6]. There-
fore FDG-PET can lead to an underestimation of
therapy effects.

Recently, bioluminescence imaging (BLI) has
been applied in a pre-clinical setting. Although it
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is not applicable in a clinical setting it is an ex-
ceptionally sensitive technique with a superior
signal-to-noise ratio that is easy to perform with
limited costs. This imaging technique is based
on luciferase enzymes that catalyze light pro-
duction using small substrate molecules, lucifer-
ins [7-10]. Luciferase can be expressed consti-
tutively in tumor cells to track survival and cell
growth of these cells in vivo but is also useful to
assess tumor mass and remaining tumor bur-
den after therapy [11, 12]. To accurately quan-
tify tumor cell number, the intensity of the BLI
light signal should directly be related to the
amount of viable cells. Since the penetration of
photons can be influenced by tumor size, shape
and vasculature the BLI signal can differ be-
tween tumors. Additionally, tumor cells should
contain the same amounts of luciferase enzyme
and amounts should be stable over time. This
equilibrium can be influenced by changes in the
inserted reporter gene DNA, expression of the
reporter gene and luciferase protein degrada-
tion [13, 14]. Moreover, the enzymatic reaction
is decisive and may critically vary because of
the bioavailability and concentration of the
products. Not only oxygen and ATP levels but
also the luciferin biodistribution, vasculature
and perfusion or membrane permeability and
integrity may differ between certain biological
conditions. M. Keyaerts et al. studied several
biological factors affecting BLI quantification
and were the first to show that changes in
plasma protein concentrations significantly in-
fluenced BLI quantification [15].

These observations may be critical in the
evaluation of therapy response since chemo-
therapeutic drugs can significantly influence
biological factors and equilibriums. Indeed,
some groups describe alterations in luciferase
expression levels following chemotherapy and
radiotherapy [14, 16, 17]. Despite these obser-
vations, several researchers elaborate BLI to
measure changes in viable tumor cell fractions
following anti-cancer therapy and do not con-
sider therapy-associated changes [11, 12, 18].

In the current study we describe BLI response
early after treatment of Burkitt B-cell ymphoma
xenografts and correlate these results to se-
quential FDG-PET scans, measurements of tu-
mor size and patho-physiological tumor re-
sponses as measured with immunohistochemis-
try (IHC). We examined response to cyclophos-
phamide, a standard chemotherapeutic that
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induces cell death in rapidly growing cells, and
also monitored the molecular mammalian tar-
get of rapamycin (mTOR) inhibitor, temsirolimus,
which specifically induces cell cycle arrest of
tumor cells.

Materials and methods
Cell line

The human B-lymphoblast cell line Daudi was
derived from a Burkitt lymphoma [5]. Cells were
cultured in DMEM medium without pyruvate and
supplemented with 10 % fetal bovine serum
(FBS), 1 % penicillin/streptomycin (P/S), 1 % L-
glutamine, 1 % HEPES and 1 % sodium pyru-
vate. The cells were cultured in flasks in a hu-
midified 5 % CO2 atmosphere at 37 °C.

Daudi cells (Burkitt B-cell lymphoma) were
transduced with a lentiviral vector (0SFFV-BSdR-
T2A-Fluc) expressing both blasticidin selection
marker and firefly luciferase bioluminescent
reporter gene. The pCH-SFFV- BsdR-P2A-Fluc
was constructed using standard cloning tech-
niques. Briefly, the blasticidin antibiotic gene
was amplified by PCR using AAATCTA-
GAATGGCCAAGCCTTTGTCTCAAGAA as a sense
primer and AAACTCGAGGCCCTCCCACACATAAC-
CAGAGGG as anti-sense primer. The PCR prod-
uct was digested with Xbal and Xhol and cloned
downstream of the spleen focus forming virus
(SFFV) promoter. Lentiviral vector was produced
and concentrated as described by Ibrahimi et al.
[19]. For transduction experiments cells were
seeded in 24-well plate, 2.5x105 cells per well.
The next day, the cells were transduced for 24
hours with vector preparations serially diluted in
Daudi cells medium (as described above). The
transduced cells were then grown in blasticidin-
containing medium (2 pg/ml) for 4 days.

Animal model

Severe combined immune deficient (SCID)-mice
(C.B-17/lcr scid/scid) were bred under germ-
free conditions. Mice (6 to 8 weeks old) were
inoculated with 5x106 LV-stably transduced
Daudi cells in both shoulders. Developing tu-
mors were monitored with BLI starting on week
0 (day of inoculation) and measured every week
until week 7. As soon as the tumor was visually
perceptible caliper measurements were per-
formed. When the developing tumors had
reached a diameter between 10 and 15 mm
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mice were subjected to treatment.
Treatment regimen

Treatment was performed with a single dose of
cyclophosphamide 125 mg/kg intraperitoneally
(i.p.) (Endoxan, Baxter) on day O (dO). The mTOR
inhibition was performed with temsirolimus 50
mg/kg i.p., which was provided by Wyeth (CCI-
779, Torisel, Wyeth).

Caliper measurements

To assess tumor volume and track changes in
tumor size we measured the tumor dimensions
(n=9 for cyclophosphamide, n=10 for temsi-
rolimus and n=10 for controls) using a caliper
on dO (before treatment), d2, d4, d7, d9, d14
following start of therapy (no treatment for con-
trols). Tumor volumes (Voleaip) Were calculated
using the equation Volcaiip = (M/6) xax b x ¢ x 10
3 where a, b and ¢ represent the three orthogo-
nal axes of the tumors in millimeters.

In vivo bioluminescence imaging

BLI was performed on dO (before treatment),
d2, d4, d7, d9, d14 following start of therapy
(no treatment for controls). The mice (n=5 per
group) were anesthetized and imaged in an IVIS
100 system (Xenogen, Almeda, CA) as de-
scribed previously [20]. The mice were i.p. in-
jected with D-luciferin (126 mg/kg; Xenogen,
Teralfene, Belgium) dissolved in phosphate buff-
ered saline (PBS) (15 mg/l). Subsequently four
to five mice were positioned in prone position in
the IVIS system and frames were acquired with
a field of view of 25 cm. Consecutive scans with
acquisition times ranging from 1 to 60 seconds
(s) were performed until the maximal signal was
reached.

The quantification of BLI data was performed
with Living Image software (version 2.50.1)
(Xenogen, Almeda, CA). This program measures
photon flux (p/s) from an oval shaped (2 cm
width and 4 cm height) region of interest (ROI)
on the tumor resulting in total 2D photon flux.

Small animal PET scanning
FDG-PET was performed on dO (before treat-
ment), d2, d4, d7, d9, d14 following start of

cyclophosphamide (n=4) and temsirolimus ther-
apy (n=5). A group of non-treated control ani-
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mals (n=4) was followed up with FDG-PET on dO
(before treatment), d2, d6, d9 and d13. Small
animal PET scanning was performed using a
dedicated small animal PET (FOCUS 220 mi-
croPET; Concorde-CTl Siemens, Knoxville Tenes-
see, USA). Mice were fasted overnight and im-
mediately before injection sedated by gas anes-
thesia with isoflurane, and body weight, tumor
dimensions (caliper) and glycemia (in case of
FDG) were determined. Then 8-11 MBq FDG
was injected via a tail vein. Sixty minutes post-
injection, PET imaging was performed (10 min-
utes/frame), on a single bed position with the
tumor in the center of the view.

For PET tumor tracer uptake was measured with
in-house software (IDL viewer) as previously
described [21, 22]. Tracer uptake was defined
as standardized uptake value (SUV) which is
calculated by the equation: SUV = measured
activity concentration in the tumor (Bg/g) x body
weight (g) / injected activity (Bq). To correct for
differences in administered dose (paravenous
injections became more frequent after several
injections), all SUVs were normalized by dividing
SUV of the tumor by the corresponding SUVmean
of a standard regjon in the liver.

Statistical analysis

Within each animal changes in SUV, BLI signal
or Volecaip Were calculated by the following for-
mula: % SUV change = (SUVx-SUVo)/SUVo x 100
% with SUV being the FDG-uptake at day x.

The statistical analysis was performed using
GraphPad PRISM 5.04. In each treatment group
mean % changes and standard error of the
mean (SEM) were calculated and graphically
expressed. For multiple comparisons, such as
evaluation of mean changes over time, we per-
formed one-way analysis of variances (ANOVA)
and Bonferroni’s multiple comparisons. In order
to detect significant differences between pa-
rameters on different time points we performed
two-way ANOVA and Bonferroni’s multiple com-
parisons. A p-value <0.05 was defined as statis-
tically significant.

Immunohistochemistry
On each time point following therapy paraffin
embedded sections were stained with haema-

toxylin and eosin (H&E) and terminal deoxynu-
cleotidyl transferase biotin-dUTP nick end label-
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ing (TUNEL) to assess the number of dying cells approved by the local ethical committee for ani-
(n=2 per time point). mal experiments.
TUNEL positive cells were counted in 10 HPF Results

and expressed as positive cells/HPF.
Bioluminescence imaging to measure response
Ethical committee
BLI was performed in non-treated mice and in
All animals were treated in concordance with cyclophosphamide and temsirolimus treated
institutional guidelines and experiments were mice (Figure 1). In control mice the signal in-
creased over time and accordingly the tumor
increased in size (see Figure 2). Following cyclo-
phosphamide therapy we observed a signifi-

BLI cantly increased BLI signal on d4 compared to
300 Control dO (+199 %, see Figure 1) which was signifi-
= 250 -+ Cyclophosphamide cantly higher than control values measured at
= 200 « Temsirolimus that time point (p<0.005). It was only from day
S 14 that a significant reduction in BLI signal was
% 150 measured (-80 %).
5 100
© 50 In Figure 3 BLI is shown for a cyclophosphamide
2 treated animal which clearly demonstrating in-
pe 0 creased BLI signal on day 2 and day 4. In this
© -50 particular animal the BLI signal decreased from
10—+ day 9 following therapy with almost complete
0123456738 9101112131415 disappearance of the signal on d14.
Time (days after chemotherapy)
Also for temsirolimus animals the BLI signal
Figure 1. BLI response in control mice (e) (n=5), increased 4 days after temsirolimus compared
cyclophosphamide (m) (n=5) and temsirolimus (A) to dO (+119 %, see Figure 1). Although the in-

(n=5) treated mice on d2, d4, d7, d9 and d14. The creased signal was less pronounced than the
data are expressed as % change in mean BLI signal g P

+SEM compared to d0. *p-value <0.01 as compared one obtained from cyclophosphamide treated

to dO measured with unpaired student’s t-test. mice, it was significantly higher than in control
mice at that time point (p<0.05). From day 9 a

A Caliper ~ Control B
N P = Cyclophosphamide 100+ FDG-PET Control 7
3001 = Temsirolimus ~ 8ot * Cyclophosphamide
B - ol + Temsirolimus
g I -
e ¥ E 401
= > 20t
S 2
o o
2 g
8 &
o 3] -1 =
—
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Figure 2. Changes in Volcaiip (tumor volume measured by caliper) (A) (n>9) and changes in FDG uptake as measured
with SUVmean (B) (n>4) during follow-up of control mice (e), cyclophosphamide treated mice (m) and temsirolimus
treated mice (A). The data presented as mean percentage changes in Volcaip and SUVmean #SEM and measured on
do, d2, d4, d7, d9 and d14. *p-value <0.01 as compared to dO with unpaired student’s t-test.

356 Am J Nucl Med Mol Imaging 2012;2(3):353-361



BLI challenges in therapy response assessment

Cylophosphamide

| I |

BLI

FDG-PET

TUNEL

I. e ARty 6.7 & - .- \:_ [

3.9+03

8.7+ 17 92+28 155£0.3

I I

15/zWa/5/d 40T X

SUVz5

SUvV=0

74452 44+13

Figure 3. Example of cyclophosphamide treated mice, followed up with BLI and FDG-PET on dO, d2, d4, d7, d9 and
d14. Transversal views are scaled as specified by the BLI color bar (0-600x106 p/s/cm?2/sr) and by the SUV color bar
(SUV between 0-5). Corresponding TUNEL staining and TUNEL measures (number of positive cells/HPF) demonstrate
early induction of apoptosis which was most pronounced 7 days after therapy.

significant reduction of the BLI signal (-41%)
could be measured. In Figure 4, BLI shows in-
creased signal between day 2 and day 7 while
BLI decreased on day 9 following temsirolimus
treatment of this animal.

Tumor volume measurement by caliper

Tumor volume in the control group showed a
persistent increase during follow-up and mean
Voleaip Was increased with 280 + 63% on d14
(Figure 2A). Early after cyclophosphamide treat-
ment the tumor volume showed a tendency to
increase in size (non-significant increase in Vol-
calip ON d2 and d4) (Figure 2A). A significant re-
duction in Voleaip was seen from d7 (-33+7%)
with a further decrease and an almost complete
disappearance of the tumors on d14 (Figure
2A).
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Caliper measurements in temsirolimus treated
mice revealed a significant reduction in Volcaiip
on d4 (-29+9%) with a further decrease until d7
(-48+7%). Between d7 and d14 no significant
size reduction was measured and in all treated
mice tumor tissue remained detectable on d14
(Figure 2A).

FDG-PET to measure response

As shown in Figure 2B FDG uptake decreased
immediately after cyclophosphamide admini-
stration compared to baseline (-38 % on d2 and
-52 % on d4). Further decrease in SUVmean Was
measured and minimal on d14 following cyclo-
phosphamide. Figure 3 also demonstrates a
fast reduction in FDG uptake while the meta-
bolic tumor volumes reduce from day 7 after
initiation of the therapy. On day 14 almost no

Am J Nucl Med Mol Imaging 2012;2(3):353-361
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Figure 4. Example of temsirolimus treated mice, followed up with BLI and FDG-PET on dO, d2, d4, d7, d9 and d14.
Transversal views are scaled as specified by the BLI color bar (0-600x106p/s/cm2/sr) and by the SUV color bar (SUV
between 0-5). Corresponding TUNEL staining and TUNEL measures (number of positive cells/HPF) demonstrate in-

duction of apoptosis on d2 until d9 following therapy.

FDG uptake was visible corresponding to almost
complete disappearance of the tumor.

Also following temsirolimus an immediate re-
duction in FDG uptake was measured (-38% on
d2 and -46% on d4 respectively) (Figure 2B).
FDG uptake decreased further on d4 and d7
and reached a minimum on d9 (-59%) after
which it stabilized (-53% on d14). Figure 4 also
depicts a fast reduction in FDG uptake following
temsirolimus treatment while on day 14 the
FDG uptake showed tendency to expand in this
mouse.

Immunohistochemical analysis
Untreated tumors revealed only few TUNEL posi-

tive cells (3.9 + 0.3/HPF) indicating a low level
of spontaneous apoptosis in these mice. Upon
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cyclophosphamide treatment we observed a
direct induction of cell death with TUNEL which
was most pronounced 7 days after induction of
the treatment (Figure 3). Temsirolimus treat-
ment induced apoptosis on days 2 until day 9
(Figure 4). Compared to cyclophosphamide the
induction of apoptosis was less pronounced for
temsirolimus treatment.

Discussion

For the development and evaluation of novel
anti-cancer therapies, solely tumor growth
measurements often miss initial molecular tu-
mor responses. Therefore molecular imaging of
tumor response with FDG-PET has advanced
into experimental study designs allowing to fol-
low up therapeutic effects in dedicated tumor
models. Nevertheless influx of inflammatory
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cells can lead to underestimation of the thera-
peutic effects and allows only an indirect meas-
urement of tumor viability. In this perspective
the visualization of the number of viable tumor
cells with BLI might allow an accurate, highly
sensitive and easy technique to monitor thera-
peutic effects in preclinical animal models. Nev-
ertheless BLI is a 2D imaging technique that is
surface-weighted while FDG-PET measures me-
tabolism in three dimensions. In the current
study we evaluated BLI and compared results
with FDG-PET and changes in tumor size. We
chose to evaluate two types of treatment
agents; cyclophosphamide, a standard chemo-
therapeutic, and temsirolimus, inducing mainly
cell cycle arrest.

BLI analysis revealed largely augmented BLI
signal intensities early after treatment which
were considerably higher when compared to
non-treated animals scanned on this time point.
This effect seemed to be higher for cyclophos-
phamide compared to temsirolimus therapy.
Surprisingly only few studies reported an in-
creased BLI signal early after therapy which
were suggested to be due to metabolic changes
induced by the therapy such as changes in
membrane permeability, ATP elevation due to
stress response or apoptosis [19], degradation
of the membrane integrity or transient changes
in transcription [14]. The induction of apoptosis
was more pronounced for cyclophoshpamide
when compared to temsirolimus which may in
part explain the higher BLI signal. Additionally
cyclophoshamide is described to induce DNA
repair early after therapy which also induces
higher metabolic activity of cells [23]. Besides
metabolic changes following therapy, the tran-
scription of the promoter may be altered follow-
ing toxic treatment. This was already described
for the cytomegalovirus (CMV) promoter demon-
strating BLI increase up to 3 times control val-
ues following cyclophosphamide therapy [14].
No such activation of the spleen focused form-
ing virus (SFFV), used in the current study, has
yet been described.

In a recent publication by M Keyaerts et al., the
effect of protein concentrations has been dem-
onstrated to have vast influence on BLI signal.
In this regards, toxic therapies such as doxorubi-
cin can induce hypoalbuminemia resulting in an
increased BLI signal [15]. Although hypoalbu-
minemia has not been described for cyclophos-
phamide and temsirolimus, these toxic agents
can influence plasma protein concentrations
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and result in altered substrate binding leading
to an increased BLI signal.

Overall, several processes may explain the in-
creased BLI signal and most likely a combina-
tion resulted in the increased BLI levels. The
specific assessment of the processes involved
in this interplay was beyond the scope of this
project and needs extensive in vitro and in vivo
research. Unfortunately these results suggest
that metabolic or molecular changes following
therapy, not necessarily correlated to viability,
can influence the BLI signal early after therapy
which should be considered when used for re-
sponse assessment.

Also on later time points, BLI failed to depict a
decreased amount of viable cells earlier than
tumor shrinkage. The BLI signal decreased sig-
nificantly when tumor volumes were largely re-
duced for temsirolimus on day 9 (-47 + 7% Vol-
calip) @and for cyclophosphamide on day 14 (-85 +
4% Volcaip). As a result BLI was not able to de-
pict a reduced amount of viable cells while an
undoubted reduction in the amount of viable
cells was measured by caliper (Volcaip) on day 4
for temsirolimus and day 7 for cyclophos-
phamide. This can be explained by the fact that
the BLI flare was not restricted to the early time
points following therapy while t he metabolic
changes may hold true for the still viable cells
and effects such as decreased plasma mem-
brane proteins can sustain an increased BLI
signal. Additionally other factors such as tumor
size, shape and vasculature can influence the
penetration of the photons and become impor-
tant on later time points following therapy. Tu-
mor size reduction enhances the penetration of
photons which may result in an overestimation
of the number of viable cells.

From this perspective, we suggest that BLI can
be useful to monitor therapy but requires se-
quential scans to obtain the complete BLI re-
sponse profile. Additionally further experiments
will be necessary to elucidate the exact mecha-
nisms of BLI flare which may hold promises and
new perspectives to follow therapy induced
changes. For instance, the BLI flare may be re-
lated to apoptosis which may serve as an early
indication of response reflected as therapy-
induced apoptosis.

Nevertheless, our results together with other

reports, suggest that BLI will not beat FDG-PET
as an early predictive marker for response. FDG-
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PET was able to depict decreased metabolism
before the tumor had reduced in size, which
offers possibilities for early response assess-
ment. Additionally FDG-PET is able to measure
small metabolic changes following therapy and
allows to follow-up the dynamics of therapeutic
agents on the cell metabolism. In our study the
FDG uptake decreased immediately in both
treatment groups being related to the immedi-
ate induction of apoptosis. Nevertheless the
effect of cyclophosphamide was more pro-
nounced with more apoptosis and almost com-
plete disappearance of the tumors as depicted
in the example (Figure 3). On the other hand the
effect of temsirolimus on tumor survival was
fast (fast induction of apoptosis and fast shrink-
age of tumor) while it did not result in complete
disappearance of the tumor. This was not re-
flected in the caliper measurement while FDG-
PET suggests an increased FDG uptake on day
14 following temsirolimus which indicates re-
growth of the tumor (Figure 4).

The effect of inflammation on the FDG uptake
was small in this animal model. Previous stud-
ies in the same animal model demonstrated
influx of inflammatory cells between day 7 and
day 9 following cyclophosphamide therapy [5,
23]. Although no increased FDG uptake was
seen on these time points we observe an FDG
plateau between day 4 and day 7 following
cyclophosphamide while tumor size decreases
gradually. Unlike cyclophoshamide, temsi-
rolimus does not induce major influx of inflam-
matory cells [23]. Overall, this study adds more
value to the use of FDG-PET for pre-clinical as-
sessment of molecular response allowing to
evaluate the effectiveness and function of novel
anti-cancer therapies.

Conclusion

In this study we demonstrate an early significant
BLI flare following two types of therapeutics.
This was most likely related to metabolic
changes, transient changes in transcription or
altered blood protein concentrations induced by
the therapy, but did not necessarily reflect vi-
ability. As a result BLI did not correlate to the
FDG-PET, tumor size response and apoptosis
response.
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