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1. Abbreviations

[11CIMET
[18F]FDG
[18F]FLT
CML
EGFR
mTor
NSCLC
PDGFR
PET

ROC

TK1
VEGF

-[11C]Methionine
-2-["®F]fluoro-2-deoxy-D-glucose
-3'-Deoxy-3'-[18F]-fluoro-L-thymidine
-Chronic Meylogenous Leukemia
-Epithelial growth factor receptor
-mammalian Target of rapamycin
-Non-Small Cell Lung Cancer
-Platelet Derived Growth Factor Receptor
-Positron Emission Tomography
-Receiver Operating Curve
-Thymidine Kinase 1

-Vascular Endothelial Growth Factor



2. Summary (English)

Molecular imaging allows for in vivo monitoring of important processes for tumor
development, tumor growth and, finally, treatment response. The major goal of this
study was to investigate different multi-modal imaging techniques for the assessment
of different tumor specific molecular processes (Jacobs et al., 2005a; Ullrich et al.,
2008a; Ullrich et al., 2008b).

In the first step, | investigated the use of ['®F]FLT for the non-invasive in vivo
assessment of tumor proliferation in different types of tumor models in men and mice.
['8F]FLT reacts as a substrate of thymidinkinase 1 (TK1) that is highly expressed
during S-phase of the cell cycle. Shields et al could show that the accumulation of
["®F]FLT reflects cells entering the s-phase in vitro and in vivo (Shields et al., 1998).
Here, we first sought to analyze the accuracy of ["®F]FLT to detect tumor cell
proliferation in patients with gliomas. We investigated the dynamic ['®F]JFLT
distribution for the asessment of tumor cell proliferation in vivo (Ullrich et al., 2008a).
In patients with newly diagnosed high grade gliomas we showed by the use of kinetic
analyses that the phosphorylation rate of ['®F]JFLT by thymidine kinase 1 can be
detected and, most importantly, is related to tumor cell proliferation as in vitro
assessed by Ki-67 immunostaining. We concluded that ['®F]JFLT PET represents an
accurate marker for the in vivo assessment of tumor cell proliferation in patients with
gliomas.

We next hypothesized that ['|F]FLT PET might provide a sensitive marker for
monitoring treatment induced G1 arrest in Non small cell lung cancer (NSCLC).
Herewith, we analyzed [®F]FLT in comparison to ['®F]FDG PET as a marker for
monitoring anti-proliferative treatment response. In collaboration with the Cancer
Genomic Group by Dr. Roman Thomas we investigated the potential of ['°F]FLT to
detect treatment response to specific Epithelial growth factor receptor (EGFR)
inhibition in an EGFR-dependent NSCLC model. We used two EGFR-inhibition
sensitive cell lines harboring the L858R mutation leading to oncogenic dependency
on EGFR signaling. To validate the specificity of EGFR-inhibition we applied the
EGFR inhibition resistant cell line H1975 harboring both the L858R and the T790M
mutation. The T790M mutation prevents Erlotinib from binding to the intracellular
domain of the EGFR. Only two days after initiation of treatment we observed a

striking decrease in ['|F]FLT uptake in the EGFR-mutant tumor xenograft due to



therapy induced G1 arrest. The specificity of this approach is confirmed by a
complete lack of ['®F]FLT response in the T790M EGFR-resistant xenografts.
Moreover, the reduction of ['®F]JFLT uptake after 2 days translated into dramatic
tumor shrinkage 6 days later (Ullrich et al., 2008c). Together, these data strongly
suggest ['"®F]FLT PET as a robust marker to assess tumor proliferation, to detect
induction of G1 arrest and, thus, to detect therapy response at a very early time
point.

Tumor growth requires new vessel formation as a critical step in tumor progression.
In a recent study our group found a significant correlation between the expression of
CD31 and [''CJMET uptake in gliomas (Kracht et al., 2003). ['""C]MET is transported
via the L amino acid transporter that is expressed on endothelial cells suggesting this
tracer for imaging angiogenesis. Based on these findings we further investigated the
relationship between [''C]MET uptake and angiogenesis during tumor progression by
comparing uptake ratios of [11C]MET and the expression of the vascular endothelial
growth factor (VEGF) in patients with gliomas. Here, we again found a significant
correlation between changes in VEGF expression and [''CIMET uptake (Ullrich et al.,
2009). Moreover, increase in [''CIMET uptake of more than 14,6 % was highly
sensitive and specific to detect malignant progression in patients with gliomas.

In summary, multi-modal imaging enables to assess tumor relevant processes, to
monitor changes in tumor growth and, finally, to assess treatment response to agents

targeting those processes.



3. Summary (German)

In dieser Arbeit untersuchten wir das Potential unterschiedlicher Bildgebungsansatze
der Positronen-Emissions-Tomographie zur Darstellung relevanter Prozesse fir das
Tumorwachstum mit dem Ziel diese Bildgebungsansatze zu nutzen, um
Therapieansprechen nicht-invasiv bestimmen zu kénnen.

Hierbei untersuchten wir in einem ersten Ansatz die ['°F]FLT Positronen-Emissions-
Tomographie PET zur nicht-invasiven Bestimmung von Tumorzellproliferation in
Menschen und in Mausen. Der Radiotracer ["®F]FLT reagiert als Substrat der
Thymidinkinase 1 (TK1). TK1 ist ein Enzym, das vermehrt wahrend der S-Phase des
Zellzyklus exprimiert wird. Die Mitarbeiter um Shields konnten in vitro als auch in vivo
zeigen, dass ['®F]FLT spezifisch in Zellen akkumuliert, die sich in der S-Phase des
Zellzyklus befinden. Wir untersuchten das Potential der ['®FJFLT PET um
Tumorzellproliferation in Patienten mit glialen Gehirntumoren zu bestimmen. Mittels
dynamischer ['8F]FLT PET Messungen bestimmten wir die Kinetik von ["®F]FLT im
Tumor. Bei Patienten mit neu-diagnostizierten hochgradigen Gliomen versuchten wir
anhand der Kinetik von ["®F]JFLT im Tumorgewebe die Phosphorylierungsrate von
['8F]FLT durch die Thymidinkinase 1 zu detektieren um diese dann mit der
Proliferationsrate aus den Tumorgewebeschnitte mittels Ki-67 zu vergleichen. Hierbei
zeigten wir, dass wir (a) aus der ['®F]FLT Kinetik die TK1 Aktivitit bestimmen kdnnen
und (b) dass die in vivo erhobenen Daten aus der ["®F]FLT Kinetik mit der
histologisch erhobenen Proliferationsrate korreliert. Wir schlie3en daraus, dass wir
anhand der kinetischen Auswertung der ["®F]FLT Verteilung die Proliferationsrate
nicht-invasiv in Patienten mit hochgradigen Gliomen bestimmen kénnen.

Aufbauend auf diesen Ergebnissen untersuchten wir das Potential der ['®F]JFLT PET
Bildgebung zur Darstellung von Therapieansprechen. In Zusammenarbeit mit der
Gruppe von Dr. Roman Thomas verglichen wir die ['|F]FLT PET mit der ["®F]FDG
PET zur Darstellung von Therapieansprechen von Erlotinib induzierter EGFR-
Inhibition in einem EGFR-abhangigen subkutanen NSCLC Modell in der Maus. Als
NSCLC Modell verwendeten wir 2 EGFR sensitive Zelllinien, bei denen eine L858R
Mutation zu einer onkogenen Abhangigkeit vom EGFR Signalweg fuhrt. Zur
Validierung der Spezifitdt unseres Ansatzes verglichen wir diese beiden Zelllinien mit
einer weiteren Zelllinie (H1975), die neben der L858R Mutation die T790M Mutation
tragt. Die T790M Mutation fuhrt hierbei zu einer Konformationsanderung in der ATP-



Bindungstasche des EGFR, die eine Bindung von Erlotinib und somit die Erlotinib
vermittelte EGFR Rezeptorinhibition verhindert. Bereits nach 2 Tagen Erlotinib-
Therapie beobachteten wir eine deutliche Abnahme der ['®F]JFLT Aufnahme im PET
in den L858R mutierten Zellinien. In den Xenotransplanaten mit der zusatzlichen
T790M Mutation zeigte sch dagegen keine Verdnderung in der [“®F]FLT
Anreicherung im PET. Die ['®F]JFLT PET ist somit ein geeignetes Verfahren um
Therapieansprechen nach Erlotinib-Therapie frihzeitig zu detektieren.

Die Ausbildung von tumoreigenen Gefalen ist ein essentieller Schritt zum malignen
Wachstum. In einer vorangegangenen Studie fanden wir eine signifikante Korrelation
zwischen der Expression des Endothelzellmarkers CD31 und der Anreicherung von
[""CIMET in der PET bei Patienten mit Gliomen (Kracht et al., 2003). Die zelluldre
Aufnahme von [''CJMET wird Uber den LAT1 Transporter gesteuert, der
insbesondere auf Endothelzellen exprimiert ist. Basierend auf diesen Ergebnissen
untersuchten wir den Zusammenhang zwischen der [11C]MET Aufnahme und der
Expression des vaskularen Wachstumsfaktors VEGF in Patienten mit Gliomen.
Hierbei zeigte sich ein signifikanter Zusammenhang zwischen der [''C]MET
Aufnahme und der Expression VEGF. Desweiteren zeigte sich, dass eine Zunahme
der ['"C]JMET Aufnahme Uber 14,6 % spezifisch und sensitiv fiir eine Malignisierung
des Tumors war. Die [11C]MET PET ist somit ein vielversprechender Marker um nicht

invasiv die Malignisierung von Gliomen zu detektieren (Ullrich et al., 2009).
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5. Introduction

Advances in molecular cell biology have dramatically strengthened our knowledge of
molecular signaling pathways being relevant for tumor growth. However, despite
improvements in cancer therapies based on these knowledge cancer still remains
largely incurable and survival for cancer patients is often measured in months to few
years. In the last decades substantial efforts have been made to identify the optimal
target for each cancer type. As such, small molecular inhibitors as imatinib for
chronic meylogenous leukemia (CML), trastuzumab for breast cancer with ERBB2
amplification and Erlotinib for non small lung cancer (NSCLC) with mutated epithelial
growth factor receptor (EGFR) have shown strong treatment efficacy (Baselga et al.,
1996; Daley et al., 1990; Lynch et al., 2004; Paez et al., 2004). Moreover, various
cancer types present dependency on the PI3K and MAPK signaling pathway as
highly promising treatment targets (Sos et al., 2009). However, the non-invasive
identification of patients that profit best from the various molecular targeted treatment
approaches still remains elusive.

Molecular imaging enables to non-invasively monitor the effect of activation of these
relevant signaling pathways and, most importantly, to assess treatment efficacy of
these new molecular targeted compounds. To date the evaluation of responses to
cancer therapy are mainly based on volumetric and morphological criteria, in
particular relative tumour sizes before and after treatment. These criteria were
defined more than 25 years ago as the WHO (World Health Organization) and
RECIST (Response Evaluation Criteria in Solid Tumors) criteria, respectively
(Macdonald et al., 1990; Therasse et al., 2000). Here, Macdonald et al. introduced
the 2-dimensional (2D) WHO criteria for the diagnosis of brain tumours. For solid
tumours, Therasse et al determined the WHO criteria in 2000 by uni-dimensional
measurements of tumor size known as RECIST criteria. RECIST defines response
to therapy by a decrease of a 30% in the largest dimension of the tumour (Therasse
et al., 2000). However, criteria based on morphological changes are rather limited in
their ability to assess early effects of therapy since tumor shrinkage occurs at a
rather late time point. Thus, the development of novel targeted cancer therapies
would strongly benefit from non-invasive approaches providing target-specific

molecular information by functional imaging methods. This would not only allow
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patient stratification and selection for molecular-targeted treatment but also provide
early assessment of treatment response before any reduction in tumour volume is
visible.

Molecular imaging (Ml) implies the use of imaging technologies by applying specific
molecular probes. M| aims at the non-invasive characterisation of the dynamics of
disease-specific molecular changes in vivo. To date, Molecular imaging modalities
can be divided in two groups: those primarily providing structural information like CT,
MRI or ultrasound; and those primarily aiming at functional or molecular information,
like PET, SPECT or optical imaging. Molecular imaging usually exploits specific
molecular probes as the source of imaging contrast to report on the underlying
biochemistry and cell biology associated with disease progression and response to
therapy. Functional imaging techniques as PET and SPECT provide a very high
sensitivity that allows for the detection of even very low levels of specific tracer
accumulation in the picomolar range. Moreover, these methods enable in vivo
imaging with unlimited depth penetration, excellent signal-to-background rations and
a broad range of clinically applicable probes. Though, the major limitation of
radionuclide imaging is its inherently limited spatial resolution (currently 3-7 mm in
clinical application, about 1.3 mm in experimental settings). Furthermore, patients are
exposed to relevant doses of radiation that limits the number of examinations and the
single dose of the tracer. Finally, imaging centers need to have access to a cyclotron
and radiochemistry facility. In contrast, MR imaging techniques provide a good depth
penetration and a very high spatial resolution. However, temporal resolution is low
and the sensitivity to detect molecular imaging probes remains reduced.
Positron-Emission-Tomographie (PET) represents a highly sensitive non-invasive
method to detect molecular processes with a very high resolution. PET enables for
the in vivo assessment of metabolic and molecular processes with a high sensitivity.
In patients with tumors, PET provides physiological and biochemical information on
the molecular level to characterize the tumor’s extent, its proliferative activity,
metabolism and its expression of various tumor specific receptor (Figure 1). The
accumulation of each tracer reflects the activity of its transporter via the cell
membrane and the activity of specific enzymes by which these tracers are

metabolized and trapped.
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["'CIMET . ["8F]FLT

Figure 1: Parameters of interest in the noninvasive diagnosis of brain tumors.
Alteration of the blood-brain barrier and the extent of peritumoral edema are detected
by MRI. Signs of increased cell proliferation can be observed by multitracer PET
imaging using ['®F]FDG, [''CIMET, and ['®F]FLT as specific tracers for glucose
consumption, amino acid transport, and DNA synthesis, respectively. Secondary
phenomena, such as inactivation of ipsilateral cortical cerebral glucose metabolism,
may be observed (['®F]JFDG), and are of prognostic relevance. (Reproduced with
permission from Jacobs A. PET in Gliomas. Stuttgart: Thieme; 2003:72—-76.74)

The most commonly used PET tracer in the diagnosis of tumors is 2-["®F]fluoro-2-
deoxy-D-glucose (['®FIFDG). ['®F]FDG reacts as an analogue of glucose and, thus,
its accumulation reflect cellular glucose metabolism. It is well known that tumours
mainly rely on anaerobic glycolysis during their energy consumption. Due to the
limited efficacy of anaerobic glycolysis and their high demand of energy cancer cells
frequently present increased glucose metabolism. This is accompanied by an
increased activity of the GLUT1 transporter and high hexokinase activity (Zhao et al.,
2005). In contrast to glucose, once ['®FIFDG has entered the cell, it is
phosphorylated but it is not further metabolised. This results into an intracellular
trapping of ['®F]FDG in the cell enabling accurate quantification of hexokinase activity
in vivo.

['"®F]FDG PET has been approved by the Food and Drug Administration (FDA) for
the assessment of abnormal glucose metabolism in patients with cancer. Moreover,
in 1999 the EORTC-PET Group had established response assessment guidelines for
["®F]JFDG PET (Young et al., 1999). However, the diagnostic specificity of ['*F]FDG

PET remains limited due to its usually high background activity in healthy tissue. E.g.
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the brain shows high cortical ['®F]FDG uptake high glucose metabolism (Phelps and
Mazziotta, 1985). Furthermore, high physiological ['®FJFDG uptake is also seen in
tonsils, salivary glands, reactive lymph nodes, liver, gastrointestinal tract and testis,
as well as muscles. In addition, inflammatory cells as macrophages present high
['|F]JFDG uptake (Buck et al., 2003). Thus, tumoral inflammatory response might
mimic high tumor cell ["®FJFDG uptake. As anti-cancer treatment might induce
inflammatory response within the tumor ['®FJFDG PET might present high ['®F]FDG
uptake due to invasion of macrophages and not due to high tumor cell metabolism
(Reinhardt et al., 1997). For these reasons, ['*FJFDG PET seems not to be a specific
marker for the evaluation of novel therapies in cancer.

Beside glucose metabolism the synthesis of proteins is one of the essential
processes for cell proliferation. Due to the proliferation rate of cancer cells, the
process of protein synthesis and, thus, amino acid transport is increased in tumor
cells (Jager et al.,, 2005). Thus, amino acid metabolism could provide useful
information with regard to tumour metabolism. Nearly all amino acids and slightly
modified variants have been radiolabelled, but only a few have clinical use. Among
these few are [''C]methionine (MET), ['®F]fluorethyl-tyrosine (FET) and [''C]tyrosine
(TYR) for PET imaging, and ['*’lliodomethyl-tyrosine (IMT) for SPECT imaging
(Jager et al., 2001). From these tracers, only ['"C]TYR uptake represents both
transport and protein synthesis, whereas the remaining tracers represent increased
transport into tumour cells. In comparison with ['®®F]FDG PET imaging is amino acid
imaging less influenced by inflammation. In the last years, radiolabelled methionine
and thymidine compounds have been shown to be more specific tracers in tumour
detection, delineation and staging due to their relatively low uptake in healthy tissue.
Nucleic acids have been radiolabelled as PET tracers for in vivo imaging of cellular
proliferation. Today, [3H]thymidine incorporation is widely used for assessing
proliferation in vitro (Kelloff et al., 2005). In PET, Thymidine labelled with positron-
emitting nuclides enables in vivo imaging of proliferating cells. Thymidine labelled
with [''C] in the pyrimidine ring provides the authentic substrate of the thymidine
kinase 1 and is incorporated into DNA.

TK1 is a cytosolic enzyme that is expressed during the S phase of the cell cycle.
Thus, TK1 expression is specifically increased in dividing cells and decreased in non-
dividing cells (Vesselle et al., 2002). Validated kinetic models of [''C]thymidine have

been used to image cell proliferation in human tumours and response to
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chemotherapy that directed at the de novo DNA synthesis pathway (Wells et al.,
2003).

In analogy, the deoxyribose group of thymidine can also be labelled with ['®F] at the
3’-deoxy position resulting in 3’-deoxy-3’-fluorothymidine (['®F]FLT) (Shields et al.,
1998). ["®F]FLT is transported via specific nucleoside transporters from the blood
pool into the cells. Within the cells ['®F]FLT reacts as an analogue substrate of
thymidine which is phosphorylated by the thymidine kinase 1 (TK1) (see Figure 2).
Several clinical studies revealed a significant correlation between ["®F]JFLT uptake
and the in vitro proliferation marker Ki-67 in various tumor types (Buck et al., 2003;
Wagner et al., 2003). In addition, in vitro and animal studies comparing ['®F]FDG and
['"8F]FLT have repeatedly confirmed that ['®F]JFLT uptake in inflammatory tissue is
considerably less than ['®F]FDG, which is advantageous. However, ["®F]FLT uptake
in tumours appears to be lower than ['®F]FDG, as demonstrated in many types of
cancer (Been et al., 2004). ['F]FLT PET, therefore, seems to be less suitable for
staging of cancer and currently most research focuses on response evaluation as
['®F]FLT has great potential utility in following response to therapy. A tumour cell that
responds to anti-proliferative treatment (as EGFR targeting compounds) may
continue to metabolize ['®FJFDG to maintain ion gradients or to provide energy for the
P-glycoprotein (P-gp) pump function or protein biosynthesis; however, it will not
synthesize new DNA, thus will not accumulate ['°F]FLT. A decrease in DNA
synthesis is likely following either cytostatic or cytotoxic therapy, highlighting the
general utility of ['®F]FLT PET for detecting response (Kelloff et al., 2005). Clinical
studies might benefit from using rigorously quantitative methods to distinguish
thymidine delivery and transport from thymidine kinase enzyme activity (Muzi et al.,
2005). In a recent study, we demonstrated that ['®F]JFLT uptake (i) enables to
differentiate between low grade and high grade tumours and (ii) is mainly due to
increased transport and to a lower extent to phosphorylation by TK1 in gliomas
(Jacobs et al., 2005b).
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Figure 2: Dynamic distribution of ["®FJFLT from the blood pool into the cell.
['8F]FLT behaves in a similar manner as [''C]Thymidine. Its uptake is regulated by
the nucleoside transporter on the cell membrane reflected by the rate of transport K1
into the cell and k2 from the cell back to the plasma (/min). Within the cell TK1
phosphorylates ['®F]FLT to ['®F]FLT monophosphate, diphopsphate and triphosphate
determined by the rate konstant k3 (/min). The rate constant k4 (/min) reflects the
rate of dephosporylation back to ['®F]FLT. Of note, in contrast to thymidine only a
very small proportion of ['®F]FLT is incorporated into the DNA (modified from (Krohn
et al., 2005)).

Amino acids tracers such as [171CJmethyl-[''C]-L-[11C]Methionine ([''CIMET), [''C]-
tyrosine, ['®F]fluoro-tyrosine and O-(2-["®F]-fluoroethyl)-L-tyrosine have been
investigated for the diagnosis of tumors. The increased [''CIMET uptake is due to
increased transport mediated by type L-amino acid transporters and this increased
transport seems to be directly regulated by tumour growth factors that effects the
mTor complex (Miyagawa et al., 1998). [''CIMET PET detects parts of brain tumours
as well as infiltrating areas with high sensitivity (87%) and specificity (89%) by an
uptake threshold of 1.3 fold (Kracht et al., 2004). Furthermore, [''CJMET uptake
correlates with the tumor proliferative activity (Sato et al.,, 1999) and enables to
differentiate between WHO Il and WHO grade IIl/IV gliomas (Sasaki et al., 1998). By
using a threshold of 1.5 [""CIMET PET permits the differentiation between non-

tumoural lesions and gliomas with a sensitivity of 79 % (Herholz et al., 1998).
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[""C]MET also enables to differentiate recurrent tumour from radiation necrosis while
the tracer accumulation is nearly independent from disruption of the BBB or
macrophage activity (Thiel et al., 2000). Moreover, [''CIMET PET detects parts of
brain tumours as well as infiltrating areas with high sensitivity and specificity (Galldiks
et al., 2009; Kracht et al., 2004). Interestingly, in one of our recent studies we found
that ["'"CIMET uptake correlates with microvessel density (Kracht et al., 2003). This
study indicated that [11C]MET uptake might be regulated by angiogenesis promoting

factors (see Figure 3).

Figure 3: ["C]MET uptake correlates with microvessel density. In A a patient
with a low grade astrocytoma (grade Il) presenting low microvessel counts and
corresponding low [''CIMET uptake. In contrast in B a glioblastoma with high
["C]MET uptake and high number of red-stained microvessels in the tumor specimen
(Kracht et al., 2003).
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In summary, PET allows for the in vivo assessment of tumor specific processes
enabling monitoring therapy response of therapy approaches targeting these
processes. Most importantly, PET is already in a wide clinical use that preclinical
findings can directly be translated into clinical trials. In this thesis we aimed to
investigate non-invasive multi-modal PET modalities to characterize tumor specific
processes and to finally establish non-invasive PET marker for imaging guided

treatment response.
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6. Present investigation — “Multi-modal imaging of tumor growth driving
processes and monitoring molecular targeted treatment by the use of

Positron-Emission-Tomography”

6.1 Glioma proliferation as assessed by 3'-fluoro-3'-deoxy-L-
thymidine positron emission tomography in patients with newly diagnosed

high-grade glioma.

Inhibition of tumor cell proliferation is one of the most relevant targets in the
treatment of cancer. Thus, a method that enables to monitor in vivo tumor cell
proliferation is highly required for the evaluation of treatment response in patients
with cancer. In the present investigation we aimed to investigate the potentials of
['"8F]FLT PET to assess tumor cell proliferation in patients with brain tumors. We
tested the ['®F]JFLT imaged derived data in comparison to data from the
corresponding [""C]JMET PET for their potential to assess tumor cell proliferation in
vivo. Furthermore, we compared the in vivo assessed data with

immunohistochemistry from PET guided stereotactic biopsies.
Material and Methods

Patients

In this study 13 patients with newly diagnosed primary brain tumors (9 male, 4
female, age: median 64.0 years, range: 35 to 71 years) were included. All patients
gave their written informed consent on multimodal PET and MR imaging. Patients
received T1-weighted MRI before PET measurements. PET and MRI measurements
were performed within one week. After MRI/PET scans except for one all gliomas
were confirmed by histology and classified according to World Health Organization
(WHO) grade (stereotactic biopsy, n=7; resection, n=5). Five patients were classified
as astrocytoma grade lll, one as oligoastrocytoma grade Ill and 6 as glioblastoma
(grade IV).
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PET

PET imaging was performed on an ECAT EXACT (CTI/Siemens; in-plane full width at
half maximum, 6 mm; slice thickness, 3.375 mm; axial field of view, 162 mm) and an
ECAT EXACT HR (CTI/Siemens; in-plane full width at half maximum, 3.6 mm, slice
thickness, 3.125 mm; axial field of view, 150 mm). Ten minute transmission scans
with rotating germanium-68/gallium-68 sources were performed for attenuation
correction of the PET data.

[""CIMET and ["®F]FLT syntheses were produced in house with a radiolabeling yield
of 10 % + 1.5% and a radiochemical purity of higher than 98%. The mean injected
dose of ['®FJFLT was 321.9 +/- 85.1 MBq (range 111-370 MBq). From all patients
arterialized blood samples were taken by a peripheral intravenous catheter. ['®F]FLT
PET images were acquired in the following dynamic sequence: 6 x 10 s, 3 x 20 s, 2 X
30s,2x60s,2x 150 s and 16 x 300 s.

Tracer accumulation was recorded in a three dimensional mode over 60 min in 47
transaxial slices of the entire brain. For coregistration to the anatomic data, T1, T2
and contrast enhanced MRI scans were performed in all patients on a 1.5 T system
(Gyroscan Intera, Philips Medical Systems). MR images were coregistrated to
summed PET images by the use of the in-house VINCI software with an accuracy of
2 mm or better.

We used in-house VINCI software for data analysis. Herewith, a region-of-interest
(ROI) approach to determine the maximal tracer uptake in ['*F]FLT and [''C]MET
PET of the summed images. The circular ROl with a diameter of 8 mm was placed in
the tumor region with the highest tracer uptake. To calculate the uptake ratio a
reference ROl was placed on the contralateral unaffected tissue. Tracer uptake was
calculated as the ratio between tumor and healthy tissue.

The time activity curves were determined in the part of the tumor with the highest
uptake. Three consecutive brain slices were included in the calculation. Kinetic
analysis was performed by using PMOD biomedical image quantification and kinetic

modeling software (PMOD Technologies Ltd.).

Histological assessment of proliferation by immunostaining Ki-67

A representative formalin-fixed, paraffin-embedded section from each specimen was
immunohistochemically stained with MIB-1 (Ki-67) antibody by use of the Avidin-
Biotin-Peroxidase-Complex (ABC) method and the DCS Detection-Kit with DAB and
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H.0O, (DCS, Hamburg, Germany). All cells with nuclear staining of any intensity were
regarded as positive. Proliferative activity was defined as the percentage of nuclei
stained with MIB-1 per total number of nuclei in the biopsy. The fraction of labelled
tumor cells, defined as the Ki-67 labeling index (Ki-67 LI), was assessed over 4
microscopic high power fields (O.16mm2), that contained the highest average fraction
of labelled cells. The Ki-67 LI was determined by scoring the fraction of cells stained
with the MIB-1 antibody in 5% intervals.

Statistical Analysis

Parametric statistical tests were used to determine significant correlations between
the parameters (Pearson correlation analysis). Correlations were considered
significant at a level for p<0.05. Statistical analysis were performed by SPSS
software (Release 11.0.1. SPSS Inc., Chicago. IL. USA).

Results

Kinetic analysis of in vivo ['®F]FLT distribution: from the blood into the cell
['®F]FLT is a radiolabelled analogue of thymidine. Thymidine is incorporated into
DNA during DNA replication. The pathway of thymidine is determined by the
transport from the blood into the cell via nucleoside transporter (K1), out of the cells
into the blood (k2), its phosphorylation to mono-/di-/tri-phosphate (k3) and its
dephosphorylation (k4) (see Figure 2). In contrast to thymidine ["®F]FLT is only to a
very small proportion incorporated into the DNA. However, the rate of cell
proliferation (P) — that is proportional to the rate of incorporation of thymidine into the
DNA — can be expressed in terms of the of the thymidine concentration in blood
(ThB) by

K Thl ~ k?'h3

-Thy,
(1+ Ko

)- kThZ + kTh3
DNA

Fp)
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Since KTh4 is small compared to KDNA this expression is independent from kDNA.
Since the other reactions are the same as in the thymidine pathway we replace the

thymidine constants by their fluorothymidine analogue leading to

K1-k3

P
k2+k3

-Thy, =Ki-Th,

Thus, the rate of cell proliferation is proportional to the metabolic rate constant Kl and

the thymidine level in the blood.

Contribution of the rate of transport K1 and the rate of phosphorylation to
['®F]FLT uptake in gliomas

In a first step we investigated the contribution of kinetics of ['®F]FLT to its final
uptake. We found that the rate constant for transport of [18F]FLT K1 showed a
weaker correlation to ['®F]FLT uptake than the phosphorylation constant k3 (see
Figure 4). This indicates that in high grade gliomas ['®F]FLT uptake is rather due to
the phosphorylation rate of ['®F]JFLT by thymidinkinase 1 than to the activity of
nucleoside transporter reflecting the high proliferation rate of high grade gliomas. Of
note, the calculated rate of proliferation Kl (see above) showed the strongest

correlation to ['®F]FLT uptake.
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Figure 4: Relationship between the ratio of [*FJFLT uptake and its
corresponding kinetic constants. The transport rate K1 showed a weaker
correlation to ['®F]FLT uptake than the phosphorylation rate k3 (K1: r=0.52, p=0.064;
k3: r=0.6, p=0.029).

Comparison of proliferation activity as assessed in vivo by PET with the in
vitro proliferation marker Ki-67

In order to proof which kinetic process of ['®F]JFLT best assesses tumor cell
proliferation we compared the image derived data with the in vitro proliferation
marker Ki-67. Herewith, we used tumor probes that were obtained from PET imaged
guided biopsies or resection. This allowed validating the PET derived findings head-
to-head to immunohistochemistry. Here, we found that the phosphorylation rate of
['8F]FLT and the rate of tumor cell proliferation as assessed by Kl strongly correlate
to the expression of Ki-67 (see Figure 5). Of note, neither ["°F]JFLT nor [''CIMET

uptake ratios correlate to Ki-67 expression.
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Figure 5: Correlations between the in vivo derived kinetic constants of ["*F]JFLT
uptake and its corresponding histological Ki-67 staining. There are significant
correlations between the kinetic constant k3 (r=0.88, p<0.001), Kl (r=0.79, p=0.004)

and the proliferation index of Ki-67.

Concluding remarks

This study demonstrates that ['®F]JFLT PET enables the non-invasive assessment of
tumor cell proliferation in patients with high grade gliomas. Moreover, we show that
kinetic analysis of ['®F]FLT is required to assess tumor cell proliferation since usual
["®F]FLT uptake ratios are not related to tumor cell proliferation as assessed by Ki-67
staining in vitro. These findings strongly encourage to further investigate the potential
of ['®F]JFLT kinetic analysis for the early prediction of clinical outcome and response
to therapy in patients with gliomas. Moreover, we showed that blood curves can be
non-invasively calculated out of the imaged derived data, thus avoiding invasive
collection of arterial blood samples (Backes et al., 2009). Our findings indicate that
['"8FJFLT PET might represent a highly sensitive method for the non-invasive

assessment of therapy response of individual molecular targeted approaches.
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6.2 Early detection of erlotinib treatment response in NSCLC by 3'-
Deoxy-3"-[18F]-fluoro-L-thymidine (['®F]FLT) positron emission tomography
(PET).

The epidermal growth factor receptor (EGFR) signalling pathway represents a
promising molecular target in the treatment of patients with advanced NSCLC.
Inhibition of EGFR has shown clinical success in patients with advanced non-small
cell lung cancer (NSCLC). Somatic mutations of EGFR were found in lung
adenocarcinoma that lead to exquisite dependency on EGFR signaling; thus patients
with EGFR-mutant tumors are at high chance of response to EGFR inhibitors (Lynch
et al., 2004; Paez et al., 2004). However, imaging approaches affording early
identification of tumor response in EGFR-dependent carcinomas have so far been
lacking. In this study, we investigated head-to-head ["®F]JFDG to ['®F]FLT PET for
their potentials to non-invasively assess response to the EGFR tyrosine kinase

inhibitor erlotinib in an EGFR dependent lung cancer model.
Material and Methods

Cell cultures

We used the EGFR-tyrosine kinase inhibitor (TKI) sensitive adenocarcinoma cell
lines HCC827, PC9 and the resistant cell line H1975. All cell lines were maintained in
RPMI 1640 supplemented with 10% heat inactivated fetal bovine serum (FBS, Roche
Diagnostics, Mannheim, Germany), 1% penicillin and 1 % streptomycin (P/S, Life
Technologies) at 37 °C in a 5% C0,/95% air atmosphere.

Western blot analysis

Cells were serum-starved for 24h in the presence or absence of erlotinib. After
preparation of cell lysates phosphorylation level of the proteins were determined
using antibodies for total EGFR, phospho-EGFR (pEGFR) (both purchased from
Biosource), total Akt and phospho-Akt (pAKT) (both obtained from Cell Signaling
Technology).
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Apoptosis assay

Cells were plated in 6-well plates and incubated for 24h at 5% CO, and 37°. Cells
were then treated with 0.5 pM erlotinib for 12h, 24h, 36h, 48h, 72h, and 96h and
were finally harvested after trypsinization. Then cells were washed with PBS,
resuspended in Annexin-V binding buffer and finally stained with Annexin-V-FITC
and Pl. FACS analysis was performed on a FACS Canto Flow Cytometer (BD
Biosciences, Germany) and results were finally calculated using FACS Diva

Software.

Cell cycle analysis
Cells were fixed and then treated with RNase A (500 pg/ml). Following resuspension
of the cells in propidium iodide and in sodium citrate cells were analysed for DNA

content by flow cytometry.

Xenograft model

All animal procedures were in accordance with the German Laws for Animal
Protection and were approved by the local animal committee and the
Bezirksregierung Kéln. Tumors were generated by s. c. injecting 5 x 10° tumor cells
into nu/nu athymic male mice. When tumors had reached a size of 100 mm?, anim