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Abstract: Purpose: Evaluation and comparison of 3’-[18F]-fluoro-3’-deoxy-L-thymidine (FLT) and 2-[18F]-fluoro-2-
deoxyglucose (FDG)-PET to monitor early response following both cyclophosphamide and temsirolimus treatment in a
mouse model of Burkitt lymphoma. Methods: Daudi xenograft mice were treated with either cyclophosphamide or
temsirolimus and imaged with FLT-PET and FDG-PET on appropriate days post therapy inititiation. Immunohistochemi-
cal (IHC) studies (H&E, TUNEL, CD20, PCNA and ki-67) and DNA flow cytometry studies were performed. Results: FDG
tumor uptake decreased immediately after cyclophosphamide treatment while FLT-PET showed only a late and less
pronounced decrease. A fast induction of apoptosis was observed together with an early accumulation of cells in the
S-phase of the cell cycle, suggesting DNA repair. Temsirolimus treatment reduced both FDG and FLT tumor uptake
immediately after therapy and resulted in a fast induction of apoptosis and Go-G1 phase accumulation. Conclusion:
FLT response was less distinct than FDG response and may be controlled by DNA repair early after cyclophos-

phamide. Nevertheless, FLT-PET was able to reflect decreased proliferation following temsirolimus.
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Introduction

Positron emission tomography (PET) with 2-[18F]-
fluoro-2-deoxyglucose (FDG) and 3’-[18F]-fluoro-
3’-deoxy-L-thymidine (FLT) allows to report on
tumor glucose metabolism and proliferation,
respectively. These imaging modalities are clini-
cally applied to diagnose cancer patients and
characterize tumor properties [1-3]. Moreover
these biomarkers can evaluate changes in glu-
cose metabolism or proliferation in response to
therapy [4-6]. This may improve patient therapy
management since present methods to evalu-
ate therapy response are still primarily based on
morphological tumor shrinkage [7, 8]. The dis-
advantage of tumor-size based therapy evalua-
tion is not only the late sign of effective therapy
but also the inability to distinguish fibrotic scar-
ring from persisting viable tumor tissue [9]. Ad-
ditionally new tumor-specific targeted agents
mainly induce cell cycle arrest without pro-
nounced tumor regression [10].

Previous studies have already demonstrated
that drug-induced changes in FDG-PET occur
before morphological changes are measured
and allow to predict therapeutic outcome [11-
14]. Nevertheless, the uptake of FDG in inflam-
matory cells may lead to an overestimation of
the viable tumor cell fraction as inflammatory
cells frequently infiltrate the tumor [15-17]. Ad-
ditionally FDG measures cell viability which
might be less relevant when cell cycle arrest is
induced instead of tumor cell death. On the op-
posite, certain targeted agents might decrease
glycolysis without altering cell proliferation. For
example, a recently published study demon-
strated that inhibition of mammalian target of
rapamycin (mTOR), a regulator of cellular prolif-
eration, induced a decreased FDG uptake in
certain tumor subtypes independently of its ef-
fect on proliferation [18]. For these reasons, FLT
is intensively studied as a valid alternative for
FDG to predict therapy response [19]. Not only
can FLT-PET measure direct effects on prolifera-
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Table 1. Study design of treatment groups, cyclophosphamide and temsirolimus, monitored with FDG-PET
and FLT-PET on dO (before treatment), d2, d4, d7, d9 and d14. Tumor volumes (Volcaip) were measured
with a caliper. Immunohistochemical (IHC) and DNA FACS studies were performed on corresponding days

following therapy.

Cyclophosphamide (n=17) do d4 d7 do di4
FDG-PET + caliper (n=4) X X X X X
FLT-PET + caliper (n=5) X X X X

IHC and DNA FACS (n=8) t n=2 n=2° n=2 n=2 *
Temsirolimus (n=17) do d4 d7 do di4
FDG-PET + caliper (n=5) X X X X X
FLT-PET + caliper (n=4) X X X X X
IHC and DNA FACS (n=8) t =2 n=2° n=2 n=2 *
Control (n=2) do

IHC and DNA FACS (n=2) n=2

TIn total 8 mice were sacrificed for analysis on d2,4,7,9 (2 mice per time point); *tumors were dissected
from mice following their final scan on d14; °Only IHC no DNA FACS

tion, FLT uptake might also be less disturbed by
the inflammatory response because once in-
flammatory cells enter a tumor they have only
minor tendency to proliferate [20, 21]. Never-
theless, FLT uptake may be influenced by drug-
and tumor-specific effects such as activation of
the salvage pathway by pyrimidine metabolism
[22]. Moreover, mTOR inhibition with temsi-
rolimus in mantle cell lymphoma (MCL) induced
a temporary rise in FLT uptake 7 days after ther-
apy, which may be due to cyclin D1 driving cell-
cycle progression of the tumor after release
from mTOR inhibition [23].

In the current study we aimed to evaluate the
ability of FLT-PET to measure early response
following cyclophosphamide treatment in a
mouse model of Burkitt lymphoma [17]. The
second aim was to investigate whether FLT-PET
was able to monitor a decreased proliferation
following mTOR inhibition in comparison to FDG-
PET.

Materials and methods
Cell line

The human B-lymphoblast cell line Daudi was
derived from a Burkitt lymphoma [17]. Cells
were cultured in DMEM medium without pyru-
vate and supplemented with 10 % fetal bovine
serum (FBS), 1 % penicillin/streptomycin (P/S),
1 % L-glutamine, 1 % HEPES and 1 % sodium
pyruvate. The cells were cultured in flasks in a
humidified 5 % CO2 atmosphere at 37 °C.
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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 5x108 Daudi cells in both shoul-
ders. As soon as the tumor was visually percep-
tible caliper measurements were performed to
follow up tumor growth. When the developing
tumors had reached a diameter between 10
and 15 mm mice were subjected to treatment.

Experimental design

Table 1 schematically draws the experimental
design of the study. The first treatment group
was treated with cyclophosphamide (n=17);
125 mg/kg intraperitoneally (i.p.) (Endoxan®,
Baxter). The second treatment group was
treated with temsirolimus (n=217); 50 mg/kg i.p.,
which was provided by Wyeth (CCI-779, Torisel,
Wyeth). A number of treated animals (n > 4)
were monitored with FDG-PET and FLT-PET on
dO (before treatment), d2, d4, d7, d9 and d14.
To follow-up tumor growth, tumor dimensions
were measured at each time point using a cali-
per. Tumor volumes (Volcaiper) Were calculated
using the equation: Volcaiiper = (T/6) x @ x b x ¢ x
103 where a, b and c represent the three or-
thogonal axes of the tumors in millimeters. On
corresponding time points following treatment,
mice (n=2) were sacrificed to allow immunohis-
tochemical (IHC) analysis of the tumors (2 tu-
mors per mouse). The IHC analysis from these
treated animals were compared to control tu-
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mors dissected from non-treated animals.
Small animal PET scanning

Small animal PET scanning was performed us-
ing a dedicated small animal PET (FOCUS 220
microPET; Concorde-CTl Siemens, Knoxville Te-
nessee, USA). For FDG the mice were fasted
overnight. All animals were sedated by gas an-
esthesia with isoflurane, and body weight, tu-
mor dimensions (caliper) and glycemia (in case
of FDG) were determined. Then 8-11 MBqg FDG
or FLT was injected via a tail vein. Sixty minutes
post-injection, PET imaging was performed (10
minutes/frame), on a single bed position with
the tumor in the center of the view.

Parameters and statistical analysis

On PET images tumor tracer uptake was meas-
ured by delineating the tumors with in-house
software (IDL viewer) using the isocontour tool
which automatically contours regions from the
data set such that the edge values of the re-
gions of interest (ROIs) are always the same
value [24]. When clicking inside the tumor the
program generates a 2D isocontour surrounding
the tumor. This is performed in all transversal
sections containing tumor tissue. From the dif-
ferent 2D isocontours the program can generate
a 3D delineation of the tumor. When no remain-
ing tumor was present on PET, we used a stan-
dard region of interest at the previous localiza-
tion of the tumor.

Tracer uptake was defined as standardized up-
take value (SUV) which is calculated by the
equation: SUV = measured activity concentra-
tion in the tumor (Bg/g) x body weight (g) / in-
jected activity (Bg). The mean SUV (SUVmean),
maximal SUV (SUVmax) and metabolic volume
(Volmetab) were measured. Additionally, the total
lesion glycolisis (TLG) was calculated as SUVmean
% Volmetab. TO correct for small variations in ad-
ministered dose (paravenous injections), all
SUVs were normalized by dividing SUV of the
tumor (SUVmean and SUVmax) by the correspond-
ing SUVmean Of a standard region in the liver.

Within each animal the changes of the normal-
ized parameters (SUVmean, SUVmax and TLG) and
the changes in volumes (VOlmetab and Volcaiip)
were expressed as percentage change (%
change) compared to baseline values on dO. For
example, changes in SUV were calculated by the
following formula: % SUV change = (SUVx-SUVo)/
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SUVo x 100 % with SUVx 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

Paraffin embedded sections were stained with
haematoxylin and eosin (H&E). From these sec-
tions we assessed the amount of macrophages
by semi-quantitative measurements performed
in 10 high power fields (HPF) [<5 %, 5-10 %, 10-
15 %, 15-20 % and 20-25 %]. The specific char-
acteristics of macrophages (i.e. large cells, with
vacuolated cytoplasm and an irregular nucleus)
can easily be delineated by means of H&E stain-
ings (see Fig. 5 for macrophage differentiation).
IHC studies were performed with antiCD20 mAb,
a pan B-cell marker, and with Mib-1, which rec-
ognizes an epitope of the ki-67 nuclear antigen
that is present during DNA synthesis (all cells
currently in the cell cycle, not in Go). Also IHC
was carried out with proliferating cell nuclear
antigen (PCNA) which is associated with late G1
and S phase in normal cells (S-phase). Tumor
tissue was semi-quantitatively scored for the
number of PCNA and ki-67 positive cells [50-60
%, 60-70 %, 70-80 %, 80-90 %, >90 %].

Also terminal deoxynucleotidyl transferase bio-
tin-dUTP nick end labeling (TUNEL) was per-
formed to assess the number of dying cells.
TUNEL positive cells were counted in 10 HPF
and expressed as positive cells/HPF.

DNA flow cytometry

To assess the cell cycle distribution of tumor
cells following treatment with cyclophos-
phamide and temsirolimus, we performed DNA
fluorescence-activating cell sorting (FACS) with
propidium iodide (Pl) [25]. After dissecting the
tumor, a small piece was used for FACS analysis
while the major part was fixed in 6% formol for
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Figure 1. Graphical representation of mean % changes of Volcaiper () and SUVmean measured with FDG (A ) and FLT
(V) in cyclophosphamide treated animals (a) and temsirolimus treated animals (b) on d2, d4, d7, d9 and d14 as

compared to do.

IHC studies. To obtain a single cell suspension
the tumor was first cut into pieces and cells
were physically disaggregated with a BD Medi-
machine using 50 ym Medicon filters (BD Bio-
sciences, Erembodegem, Belgium). Next the cell
suspension was filtered over a 70 ym nylon cell
strainer (BD Biosciences, Erembodegem, Bel-
gium). Microscopy was performed to check the
single-cell properties of the cell suspension. For
analyses 1 million cells were fixed in 70 % etha-
nol for at least 1 day. Then cells were stained
with Pl (Sigma Aldrich, Bornem, Belgium) (40ug/
mL) in PBS, containing RNase (DNase-free)
(100 pg/ml) (Fermentas, St. Leon-Rot, Ger-
many) and triton X-100 (0.1%) (Sigma Aldrich,
Bornem, Belgium) and analyzed with FACSCanto
(BD Biosciences, Erembodegem, Belgium). For
each tumor the distribution in Go-G1, S and G2
phase was measured and expressed as per-
centage of the total viable tumor cell fraction
(Cellguest software; Becton Dickinson Biosci-
ence).

Ethical committee

All animals were treated in concordance with
institutional guidelines and experiments were
approved by the local ethical committee for ani-
mal experiments.

Results

Animal model

Between week 6 and week 7 following subcuta-
neous injection of Daudi tumor cells, 90 % of
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the animals developed a tumor with a diameter
between 10 and 15 mm. All tumors showed a
visible FLT and FDG-uptake. The baseline (non-
normalized) mean SUVmean Of FDG was 2.7 *
0.08 while FLT uptake was significantly lower
with @ mean SUVmean value of 1.7 £ 0.04 at
baseline.

Tumor volume measurement by caliper

Early after cyclophosphamide treatment (d2 and
d4) the tumor volume increased moderately
compared to baseline although not significantly
(Figure 1A and Table 2). Between d4 and d7 a
significant reduction in tumor size was meas-
ured (Figure 1A) while a significant reduction in
tumor size compared to baseline was measured
on d9 (-64+7%) (Table 2). The majority of mice
demonstrated a complete disappearance of the
tumors on d14 after cyclophosphamide (Figure
1A and Table 2).

Caliper measurements in temsirolimus treated
mice revealed a significant reduction in VOlcaip
on d7 (-49%7%) with a further decrease until
d14 (-72+6%). Unlike cyclophosphamide
treated animals, none of the temsirolimus
treated animals demonstrate a complete remis-
sion of the tumors on d14 following treatment
(Figure 1B, Table 2).

Changes in FDG and FLT uptake following cyclo-
phosphamide

From Figure 1A it is clear that FDG uptake de-
creased immediately after cyclophosphamide
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Table 2. Mean % change in FDG and FLT uptake compared to baseline measurements following treat-
ment with cyclophosphamide and temsirolimus as measured with the different parameters (SUVmean, SU-
Vmaxand TLG). Additionally tumor size mean % changes were measured with caliper measurements and
expressed as Volcaiip.

FDG FLT Caliper
o SUVmean SUVmax TLG SUVmean SUVmax TLG Volcaiip
g w 0 0 0 0 0 0 0
=
2 d2 -376+42% -33,8+4,6% -29,8+2,8* -8,6 +3,4 -13,4+5,1 2,1+5,9 29,6 £ 13,4
-g d4 51,8 £ 5* -50,7 £ 4,7* 54,5 £ 6* 512 99+25 0,77 28,1+10,1
g d7 -57,1+£35* -57,7+£35* -79,8+29* -13,5 £ 3* -19,6 £ 3,6*  -46,7 £5,2* -33,1+7,1
do -62,6 £2,3* -582+3,1* -87,2+1,6* -15,49 + 3* -23,8 £ 4%* -68,6 £ 4,1* -63,8+ 7%
di4 -701+34* -708+39* -97,6+0,8* -38,7+19% -493+22% -943+1,6* -85,3+4,2%
FDG FLT Caliper
SUVmean SUVmax TLG SUVmean SUVmax TLG Volcaiip
S do 0 0 0 0 0 0 0
g. d2 -37,6 £ 2* -37,4+16* -593+3,8* -23,6+29* -284+32* -323%7,1* -1,9+8,7
%- d4 46,1 £2,4% 43,7 £2,2* -68,2 £ 4* -35,7+3,6* -442+3,6* -53,1+7,2% -23,8 £ 6,2
& d7 -53,3 £ 3,3* -51,5 £ 4* -84,3+2,1* -31,7 £ 3,4* 42,9 £ 5* -68 £ 6,2* -48,5 + 7,3*
do 59,3+23* -57,8+3,1* -78,7 £ 4% -29,6 £ 4,1* 41 £ 5% -64,6 £ 7* -50,2 + 8,8*
di4 -53,3+2,7* -50,2+3,9* -79,9+3,7* -29,6 £ 6,2* -37,8 £ 6* -69,8 £ 5,9* -71,7 £6,1*

*significantly different from dO
Bold = most pronounced decrease measured for this parameter

administration (SUVmean change of -38+4 % on
d2 and -52+5 % on d4 compared to baseline,
Table 2). Unlike FDG uptake, FLT uptake was
not significantly decreased at these early time
points. The FLT uptake was significantly re-
duced on d7 (SUVmean change of -14+3 %) and
was lowest on d14 following therapy (SUVmean
change of -39+2 %) (Table 2).

Figure 2 gives an example of FDG and FLT im-
ages following cyclophosphamide treatment. A
fast decrease in FDG uptake in the tumors was
visualized (Figure 2A) while FLT uptake re-
mained unchanged until d7 (Figure 2B). Concor-
dant with the decrease in tracer uptake cyclo-
phosphamide therapy led to tumor size reduc-
tion (Volcaiip) starting on d7 while on d14 almost
no tumor tissue remained visible.

Changes in FDG and FLT uptake following tem-
sirolimus

Both FDG and FLT uptake decreased immedi-

ately after temsirolimus administration (SUVmean
change of -38+2 % and -24+3 % on d2 respec-
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tively) (Figure 1B, Table 2). FDG uptake de-
creased further on d4 and d7 and reached a
minimum on d9 (SUVmean change of -59+2 %)
after which it stabilized (SUVmean change of -
5343 % on d14). FLT uptake on the other hand
was minimal on d4 (SUVmean change of -36+4 %)
and remained unchanged until d14 (SUVmean
change of -30+£6 %) (Table 2).

In Figure 3 an example is given for FDG and FLT
images following temsirolimus treatment. A fast
reduction of both FDG and FLT uptake was ob-
served after temsirolimus (Figure 3A and B re-
spectively). Tumor volumes (Volcaip) decreased
on d4 after which the volumes further remained
approximately the same.

SUVmean, SUVmax and TLG

In this study we compared 3 different parame-
ters to evaluate therapy response (SUVmean, SU-
Vmax @and TLG). No significant differences were
observed between decreases in SUVmean and
decreases in SUVmax in both treatment groups
on the different follow-up time points. When

Am J Nucl Med Mol Imaging 2012;2(1):110-121
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a. FDG-PET after cyclophosphamide

v
v ' v

do d2
b. FLT-PET after cyclophosphamide

Figure 2. Serial FDG-PET (a) and FLT-PET (b) images acquired on dO, d2, d4, d7, d9 and d14 following cyclophos-
phamide treatment. Images are scaled to the same SUV scale ranging from 0-5 for FDG-PET and from 0-3 for FLT-
PET. Matching coronal views are depicted to demonstrate the FDG uptake (a) and FLT uptake (b) in the tumors on
both shoulders (indicated with arrow).

a. FDG-PET after temsirolimus

d2
b. FLT-PET after temsirolimus

g *‘.[.g.

S, e

do a2

Figure 3. Serial FDG-PET (a) and FLT-PET (b) images acquired on dO, d2, d4, d7, d9 and d14 following temsirolimus
treatment. Images are scaled to the same SUV scale ranging from 0-5 for FDG-PET and from 0-3 for FLT-PET. Match-
ing coronal views are depicted to demonstrate the FDG uptake (a) and FLT uptake (b) in the tumors on both shoul-
ders (indicated with arrow).
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Cyclophosphamide

Temsirolimus

Figure 4. Overview of IHC studies with ki-67, H&E and TUNEL for non-treated tumors (dO) and cyclophosphamide and
temsirolimus treated tumors on d2, d4, d7, d9 and d14 following therapy.

comparing decreases in TLG with both de-
creases in SUVmean and SUVmax We observed
significant differences mainly late after therapy.
Following cyclophosphamide we measured sig-
nificantly more pronounced TLG decreases com-
pared to decreases in both SUVmean and SUVmax
on d7, d9 and d14 measured for both FDG and
FLT uptake. Temsirolimus treated mice demon-
strated significantly more pronounced TLG de-
creases compared to both SUVmean and SUVmax
decreases for FDG on d4, d7, d9 and d14 while
for FLT this was observed on d7, d9 and d14.

Immunohistochemistry
Untreated tumors revealed a massive prolifera-

tion of CD20 positive cells with a high prolifera-
tion rate (ki-67 highly positive) (Figure 4). Only
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few (4/HPF) TUNEL positive cells were observed
indicating a low level of spontaneous apoptosis
(Table 3).

Upon cyclophosphamide treatment we observed
a direct induction of cell death with TUNEL.
However only from d7 on the amount of TUNEL
positive cells became significant (Figure 4). Fol-
lowing cyclophosphamide treatment an infiltra-
tion of macrophages (see Figure 5 for macro-
phage differentiation) was observed which was
most pronounced on d9 (Table 3). The ki-67
staining revealed a modest decrease in the
number of positive cells which was most pro-
nounced on d7 (Figure 4).

Following temsirolimus therapy a raising num-
ber of TUNEL positive cells was measured and

Am J Nucl Med Mol Imaging 2012;2(1):110-121



Monitor therapy using FLT and FDG

became most pronounced between d4 and d7 cells in the S-phase on d2). ANOVA and bon-
(Table 3). Contrary to the situation after cyclo- ferroni’s multiple comparison demonstrate sig-
phosphamide treatment, no clear infiltration of nificantly higher amounts of cells in the S-phase

inflammatory cells was observed. Only on d14
macrophages were observed on H&E. The ki-67 .
showed a clear decrease in positive cells mainly a  Cyclophosphamide
on d4 following therapy (Figure 4).

o 1204 _|_ Oec.
. £ 1004 —-— T Os

No clear responses were seen in the number of 2 = [+ l

PCNA positive cells for both treatment groups. g 809 _ 0 G+-Go
1]
£ 60{ f-m— =5

DNA flow cytometry ._En 0 = s 1
]

The FACS data in Figure 6 demonstrate a signifi- < 2

cant accumulation of cells in the S-phase early o

after cyclophosphamide therapy (45.1 + 2.3% é $"' 6\ si g@:
Time (days after chemotherapy)

b Temsirolimus
2120- O e
Qo
g1 = o] et =
3 801 —F— |—=-— beiGo
[} -
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£
w401
]
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xR
& & ¢ &
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Figure 6. Cell cycle distribution in the Go-G1 phase, S
phase and G2 phase as measured with DNA flow
cytometry and expressed as the percentage of total
viable tumor cell fraction. This was performed for
cyclophosphamide treated tumors (a) and temsi-
rolimus treated tumors (b) over time (no data for d4
following therapy).

Figure 5. Example of macrophage detection on H&E
stained tumor tissue. Macrophages were distin-
guished from tumor tissue by their size, vacuolated
cytoplasm, irregular nucleus and “foamy” appearance
(indicated with arrow).

Table 3. Histological analysis in both treatment groups at indicated time points following therapy. Tumor
tissue was semi-quantitatively scored for the number of macrophages [<5%, 5-10%, 10-15%, 15-20%
and 20-25%] and ki-67 positive cells [50-60%, 60-70%, 70-80%, 80-90%, >90%] while TUNEL positive
cells were counted in 10 HPF and expressed as positive cells/HPF (bold= most pronounced level of
apoptosis).

Cyclophosphamide Temsirolimus
Macrophages Ki-67 TUNEL Macrophages Ki-67 TUNEL
do 5-10% >90% 3.910.3 5-10% >90% 3.9+0.3
d2 10-15% 80-90% 8.7+1.7 <5% 80-90% 9.4+4.6
d4 15-20% 80-90% 9.242.8 <5% 50-60% 11.5+4.2
d7 20-25% 60-70% 15.5+0.3 <5% 70-80% 11.6+0.8
d9 20-25% 70-80% 7.445.2 5-10% 80-90% 6.4£2.6
d14 15-20% >90% 4.441.3 20-25% 80-90% 3.3:0.4
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on d2 compared to dO, d7, d9 and d14. The
analysis also revealed significantly increased
levels of cells in the G2 phase on d7 following
therapy when compared to dO and d2.

Following temsirolimus treatment an immediate
increase was measured in the amount of cells
in the Go-G1 phase (79.2 + 2.6% cells in the Go-
G1 phase on d2) compared to dO (59.8 + 1.4%
cells in the Go-G1 phase on d0). This significant
increase in Go-G1phase was also measured on
d7 and d9 following temsirolimus (significant
compared to dO) while this was not measured
on di14.

Discussion

Nowadays clinical tumor response is still primar-
ily evaluated by conventional imaging tech-
niques (magnetic resonance imaging (MRI),
computed tomography (CT)) measuring anatomi-
cal tumor size reduction. Unlike the late effects
of anti-cancer therapy on tumor size, molecular
and metabolic changes are induced much ear-
lier after the start of therapy. This has already
been demonstrated in several studies for FDG-
PET reflecting decreased metabolism before
morphological changes have occurred [7, 16].
However, due to the aspecific accumulation of
FDG in inflammatory cells, other potentially
more specific PET probes are currently explored
[15]. Although FLT was believed to be more
closely related to the number of viable tumor
cells, tumor-and drug-specific effects may be
critical [20, 22]. In the present study, we aimed
to evaluate and compare FLT-PET with FDG-PET
in a mouse model of Burkitt lymphoma treated
with cyclophosphamide and temsirolimus. Ther-
apy response was confirmed with caliper meas-
urements of decreased tumor size together with
a series of histological studies to assess apop-
tosis (TUNEL), proliferation (ki67) and macro-
phage infiltration (H&E). Additionally DNA flow
cytometry was performed to measure cell cycle
distribution following therapy.

Our study showed that early after cyclophos-
phamide treatment FDG-PET revealed an imme-
diate and marked decrease in the glucose tu-
mor metabolism several days before the tumor
had reduced in size. Even though a stunning
effect, resulting in decreased FDG uptake, can-
not be completely ruled out the induction of
apoptosis suggests a fast killing effect of cyclo-
phosphamide.

118

Unlike FDG, FLT tumor uptake was not de-
creased on early time points after cyclophos-
phamide therapy and decreased only late after
therapy. Though FLT-PET measured a decreased
proliferation late in the course of cyclophos-
phamide therapy (from d7), the decrease was
less pronounced when compared to the FDG-
PET. A possible explanation may be increased
uptake of FLT due to DNA repairing processes
that can offset decreased FLT uptake from
cyclophosphamide-induced cell death. Indeed,
DNA flow cytometry data showed an accumula-
tion of cells in the S-phase 2 days after cyclo-
phosphamide treatment which suggests repair
of cyclophosphamide induced DNA crosslinks
[26, 27]. The results obtained in
cycloposphamide treated animals indicate that,
compared to FLT, FDG-PET is more suitable to
evaluate therapy response following this type of
treatment.

However, the contribution of inflammatory cells
to the FDG signal remains the major limitation.
In the studied Burkitt lymphoma xenograft
model an influx of inflammatory cells was de-
scribed from d6 until d13 with a peak of 24 %
of the total cell fraction on d9 following cyclo-
phosphamide [23]. In the current study the infil-
tration of macrophages was semi-quantitatively
confirmed with H&E and showed to be most
pronounced between d7 and d9. On these time
points no temporary rise was observed for both
FDG and FLT, although for FDG we did observe
a transient plateau between d7 and d9 after
which the FDG decreased further. Although FLT
uptake seemed to be less influenced by the
inflammatory response in this and other studies
[23], we must take into account the limited im-
mune system of scid mice used in our study.
Since the mice lack a functional B or T cell com-
partment and only have a functional macro-
phage, granulocyte and natural killer (NK) func-
tion the potential effect of proliferating Band T
cells on FLT uptake was not taken into account.
However, since inflammatory cells once inside
the tumor have only minor tendency to prolifer-
ate, the effect on tumor uptake is expected to
be minimal [21].

Although cyclophosphamide is routinely used
together with other chemotherapeutic agent to
treat lymphoma, leukemia and some solid tu-
mors, certain tumor types may be resistant to
chemotherapy or may acquire resistance during
the course of treatment. Therefore other dis-
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ease-specific molecularly targeted agents are
increasingly recognized. One of these targets is
mMTOR, a protein kinase that exerts its regulatory
effects on cell proliferation by controlling the
production of cyclinD1, which induces cell cycle
G1-S transition. Consequently, inhibition of
MTOR increases the number of cells in the Go-
G1 phase and leads to growth inhibition which
may eventually lead to tumor cell death and in
some tumor types results in tumor shrinkage.
Although tumor shrinkage is rarely seen follow-
ing mTOR inhibition [10, 28], a single dose of
everolimus has shown to induce remarkable
tumor regression in squamous cell carcinoma of
the head and the neck (HNSCC) [29]. In our ani-
mal model, temsirolimus resulted in apoptosis
and relatively fast tumor shrinkage, suggesting
that Burkitt lymphoma are sensitive to mTOR
inhibitors. Although beyond the scope of this
research, this opens new perspectives for novel
combination therapies, potentially including
combinations of temsirolimus with conventional
chemotherapy agents [30].

Since FDG-PET was not predictive in patients
with various types of cancer treated with mTOR
inhibitors [18], new imaging approaches are
required to follow up response to mTOR inhibi-
tors. Therefore this study aimed to evaluate the
ability of FLT-PET to predict response to temsi-
rolimus in a mouse model of Burkitt lymphoma.
We demonstrated that FLT was able to reflect a
reduced proliferation early after mTOR inhibi-
tion. Ki67 stainings showed a decreased prolif-
eration but also DNA FACS data demonstrate
that cells accumulate in the Go-G1 phase follow-
ing temsirolimus administration. Ki67 stainings
were immediately reduced and the reduction
was most pronounced on d4. Unfortunately no
DNA FACS data exist for d4 following therapy.

In a similar study performed in MCL, a tempo-
rary rise in FLT uptake was observed on d7 fol-
lowing mTOR inhibition probably because MCL
have cyclinD1 overexpression and still-viable
tumor cells will reenter the S phase after re-
moval of the drug (biological half-life 9-17h)
[23]. In our study no temporary rise was ob-
served but FLT uptake decrease stabilized from
d7 which most likely results from the release of
MTOR inhibition. Unlike FLT uptake, FDG uptake
was minimal on d9 after which it stabilized. This
suggests that the effect of mTOR inhibition on
glucose metabolism was slightly more extended
(until d9) than the effect on proliferation (until
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d4). As already observed by other groups the
effects of mTOR inhibition on glycolysis may be
independent on the effects of proliferation in
certain cell lines [18]. This is most likely be-
cause mTOR forms two complexes of which the
mTOR complex 1 (MTORC1) regulates growth
and cell cycle progression. The mTORC2 is part
of the upstream pathway PI3k/Akt pathway and
regulates Akt activity [18, 31]. Taking together
our results obtained in temsirolimus mice and
the data reported from patients [18], we sug-
gest that FLT-PET can be a valid alternative for
FDG-PET to follow-up target specific drugs such
as mTOR inhibitors.

Overall our study demonstrates that drug and
tumor-specific effects need to be considered
when selecting the most suitable molecular im-
aging probe for therapy response evaluation.
Depending on the clinical question the optimal
parameter should also be determined. SUVmax
accounts for resistant foci while SUVmean aver-
ages the uptake in the tumor and may fail to
notice chemoresistant tumor tissue foci. In this
study we compared three semiquantitative PET
parameters in the different treatment groups
and revealed that SUVmean and SUVmax show a
similar pattern following therapy indicating that
there are no major resistant foci present in our
tumor model. Besides these commonly used
response parameters, TLG may provide comple-
mentary information on the global response of
the tumor as it accounts for both the FDG up-
take and tumor volume. In our study changes in
TLG became more pronounced in the course of
therapy than SUV. Although TLG may be more
susceptible to contouring variations which can
complicate standardization of quantification
methods, we and other research groups believe
that TLG can more clearly demonstrate relevant
changes following effective therapy [11, 32].

This study, in Burkitt ymhoma xenografts, dem-
onstrated a delayed and less pronounced reduc-
tion in FLT uptake compared to FDG uptake
following cyclophosphamide treatment. This is
most likely because the potential decrease in
FLT uptake was offset by DNA repair processes.
Although the influx of inflammatory cells should
be considered when using FDG-PET to evauate
response, we suggest that FDG-PET is more suit-
able to monitor cyclophosphamide.

Secondly, mTOR inhibition immediatelly induces
both FDG and FLT reduction in our animal
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model while the effect on FDG was more ex-
tended (until d9) than on FLT (until d4). The
study demonstrated that FLT-PET was able to
reflect decreased proliferation following mTOR
induced cell cycle arrest and may therefore be a
valid alternative to FDG-PET to follow-up target
specific drugs such as mTOR inhibitors.
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