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Radiolabeled Tyrosine Kinase Inhibitors for Drug 

Development and Cancer treatment:  

TKI-PET 

In this thesis the development of clinically approved (tyrosine) kinase 

inhibitors (TKIs) as Positron Emission Tomography (PET) imaging agents is 

described. PET is a unique, non-invasive in vivo imaging technique that enables the 

visualization and quantification of the distribution of molecules labeled with positron-

emitting isotopes at a picomolar level. This method enables the evaluation of cellular 

biochemical and physiological processes in vivo by monitoring the distribution and 

kinetics of a radiolabeled molecule. Nowadays, PET has found broad application in 

clinical practice for personalized treatments, in research and pharmaceutical 

development. PET with radiolabeled drugs can serve as a tool to answer vital 

questions during drug development, such as assessing the distribution of a drug in the 

body quantitatively and over time, indicating if the desired target is present (target 

expression), whether the target site is reached by the drug, and how the kinetics of 

binding are in vivo. Discrepancy between tumor uptake of a drug and the therapeutic 

response might be indicative for the presence of resistance mechanisms. Furthermore, 

uptake in off-target tissue might be predictive for toxicity during treatment. Inter-

patient variation of tumor targeting can be assessed, providing a method to preselect 

patients which will or will not benefit the most from treatment. The societal relevance 

of this is becoming increasingly important with the economic burden of cancer 

treatment increasing at an alarming rate. The cost of cancer care in the United States 

alone was $125 billion in 2010 and is estimated to reach $173 billion dollars in 2020 

[1]. In 2011 an estimated 63% of these expenses were associated with the use of 

targeted therapies, indicating that these drugs currently dominate the anti-cancer 

spending. Moreover, this is only expected to increase with novel targeted therapies 

under heavy development by the pharmaceutical industry. On average the cost of 

intravenous targeted therapy was $65.000 dollars per patient per year and for oral 
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targeted therapy $88.800 per patient per year in 2011. Combining this with the fact 

that a large portion of patients does not even respond to the therapy used, the need 

for patient selection becomes of the utmost importance. Imaging with targeted drugs 

can play a large role in this regard, identifying the right drug for the right patient at 

the right time.  

This concept of image guided personalized medicine has already been well 

established in the use of antibodies as imaging agents, the immuno-PET concept, 

where a monoclonal antibody is inertly labeled with a PET-radionuclide and can be 

used to study the in vivo behavior of the antibody. This technique has demonstrated 

its value in various preclinical- and clinical studies [2]. Chapter 1 describes the 

current status of cancer drug development with an emphasis on targeted therapy and 

the increasingly important role that immuno-PET has played in this regard. 

Furthermore examples are provided of successes achieved with immuno-PET 

targeting growth factor receptors exerting kinase activity, raising the question 

whether or not the other class of kinase targeting drugs, namely the small molecule 

kinase inhibitors can also be used as imaging agents in the same way. The research 

described in this thesis was focused on the preclinical validation of PET-imaging with 

small molecule (tyrosine) kinase inhibitors nowadays known as the  TKI-PET concept. 

It is estimated that, next to the 30 (end of 2015) approved small molecule 

kinase inhibitors several hundreds are currently at the various stages of (pre)clinical 

development. Chapter 2 describes the status of TKI-PET in the year 2011, when this 

research project was launched, and the novel insights that appeared in the literature 

during the project [3]. This overview serves as an introduction to the research 

performed. At the outset of this project the TKI-PET field was in its infancy and while 

nowadays an increasing number of reports is appearing in the literature the arsenal of 

labeled kinase inhibitors is still relatively small. It is however, encouraging that an 

increased clinical interest can be observed in the use of TKI-PET.  The research in this 

thesis focusses on clinically approved kinase inhibitors only, as these provide rapid 

translation to clinical TKI PET studies. But a more important reason, this class of 



Two anti-angiogenic TKI-PET tracers, [11C]axitinib and [11C]nintedanib: radiosynthesis,  in 

Summary 

 

 
 

240 

drugs suffers from a rather substantial lack of clinical efficacy in certain patient 

populations. The role that TKI-PET can play in this case is elegantly demonstrated by 

the landmark studies performed with [11C]erlotinib in non-small cell lung cancer 

(NSCLC). Erlotinib is only clinically effective in patients that harbor activating 

mutations of EGFR (e.g. the exon 19 deletion) in their tumors, which occurs in only 10 

– 30% of NSCLC cases. PET-imaging with [11C]erlotinib demonstrated good uptake in 

mouse models with tumors harboring these mutations, but not in wild type [4, 5]. This 

result was later confirmed in a landmark clinical PET-study in NSCLC patients [6].  

There are important requirements for de development of PET tracers based on 

FDA approved TKIs: First, to avoid a difference in their in vivo behavior it is of vital 

importance that the radiotracer and the parental compound have exactly the same 

chemical structure. Only when the native chemical structure is employed as a tracer, 

the results of the PET study will represent the behavior of the corresponding drug. 

Second, the labeling of TKIs requires a drug-specific strategy. Usually a TKI can be 

labeled with carbon-11 and sometimes with fluorine-18, but this is dictated by the 

molecular structure of the approved TKI. The challenge in the radiosynthesis of PET-

tracers lies in the short half-life of PET-isotopes, being 20 min for carbon-11 and 110 

min for fluorine-18. The third important consideration in the design of a TKI-PET 

tracer is the metabolism of the drug. It is therefore vital to know whether or not 

metabolism occurs, which biologically active metabolites are formed within the time-

frame of the PET study, and whether or not metabolism of a tracer amount of drug is 

significantly different from the metabolism after therapeutic dosing.  

Chapter 3 describes the development of fluorine-18 labeled afatinib, a second 

generation TKI irreversibly targeting a mutated variant of the epidermal growth 

factor receptor (EGFR) in NSCLC. In essence afatinib is a successor of erlotinib. For the 

radiosynthesis of [18F]afatinib, a novel peptide coupling reagent mediated reaction 

was developed. Subsequently the metabolism and initial tumor targeting properties of 

[18F]afatinib were explored in tumor bearing mice [7]. It was observed that 

[18F]afatinib was metabolically stable, which was encouraging for the tumor targeting 
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studies. Two clinically relevant NSCLC cell lines were selected for the initial evaluation 

in xenograft bearing mice. A cell line expressing wild type EGFR (A549) was used next 

to a treatment sensitive cell line expressing exon 19 deleted EGFR (HCC827). 

Unfortunately while good uptake was expected in the exon 19 deleted tumors, based 

on the [11C]erlotinib data reported in literature, biodistribution studies indicated 

comparable uptake across the two investigated xenograft types. A variety of factors 

could be responsible for this lack of selectivity, one being for example involvement of 

multi-drug resistance, in the form of drug efflux from tumor cells by ABC transporters 

(such as P-gp and BCRP). It has been well established that most TKIs are also 

substrates for these types of drug efflux pumps.  

To gain further insight into this and to perform a direct comparison between 

[11C]erlotinib (a reversible EGFR inhibitor) and [18F]afatinib (an irreversible EGFR 

inhibitor), chapter 4 describes a comparative pre-clinical imaging study in tumor 

bearing mice [5]. In this study three tumor types were investigated all expressing a 

different variant of the EGF receptor, the aforementioned two cell lines (A549 and 

HCC827) and the newly explored H1975 cell line that expresses two point mutations, 

namely one sensitizing point mutation (L858R) and one mutation associated with 

acquired resistance (T790M) to first generation EGFR targeting TKIs (e.g. gefitinib and 

erlotinib). Furthermore, the effect of blocking the important drug efflux transporters 

P-gp and BCRP was explored by administering a blocker (tariquidar) prior to imaging. 

Both tracers only demonstrated selective tumor uptake in the HCC827 xenograft line 

(tumor-to-background ratio, [11C]erlotinib 1.9 ± 0.5 and [18F]afatinib 2.3 ± 0.4), 

thereby showing the ability to distinguish sensitizing mutations in vivo. No major 

differences were observed in the kinetics of [11C]erlotinib, the reversible binder and 

[18F]afatinib, the irreversible tracer, in each of the xenograft models. Under P-gp 

blocking conditions, no significant changes in tumor-to-background ratio were 

observed; but, [18F]afatinib demonstrated better tumor retention in all xenograft 

models and thereby displayed the characteristics of an irreversible inhibitor. The 

described synthesis for [18]afatinib was also translated to a GMP (Good Manufacturing 
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Practice) compliant procedure and this tracer has now entered into a clinical trial in 

NSCLC patients with a mutation of EGFR. The preliminary results of this study show 

that uptake is observed in tumor expressing a sensitizing mutation in the EGF 

receptor, similar to the clinical results observed with [11C]erlotinib.  

The effectiveness of inhibitors of mutated EGFR is offset by the fact that in 

almost every case patients on TKI therapy develop resistance to the drug they are 

taking. Usually this resistance is induced by a secondary mutation located in the ATP 

binding site of EGFR. One of the most common mutations clinically observed is the 

T790M mutation, also known as the gatekeeper mutation. In response to this the 

pharmaceutical industry is developing inhibitors that target this specific variant of 

EGFR whilst sparing the wild type receptor to avoid side effects. One of these 

inhibitors, rociletinib (CO-1686), was also explored as PET tracer for its tumor 

targeting potential in pilot experiments. The preliminary results, including 

metabolism and biodistribution studies are described in the Reflections and future 

perspectives chapter of this thesis. Rociletinib is a third generation, irreversible 

inhibitor of activating mutations of EGFR (e.g. exon 19 deletions) and the acquired 

resistance T790M mutation. Rocelitionib was successfully labeled via a carbon-11 

methylation and initial metabolite analysis demonstrated excellent in vivo stability. 

Biodistribution studies in tumor bearing mice demonstrated uptake in the mutated 

cell lines (HCC827 and H1975) but also in the wild type xenograft (A549). The tumor-

to-background ratios were similar across the investigated xenografts but did appear 

to increase over time and were most optimal in the HCC827 (exon 19 deleted) 

xenografts. The subject of future work might include the development of a fluorine-18 

labeled variant to determine the complete potential of this third generation TKI-PET 

tracer.  

Having established that imaging with kinase inhibitors targeting mutated EGFR 

was feasible in lung cancers models, the question occurred if this kind of PET imaging 

was specific for this particular signal transduction cascade or could be expanded 

toward other signal transduction cascade inhibitors as well. The study presented in 
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chapter 5 was aimed at the development of PET tracers of TKIs targeting pro-

angiogenic receptors and thereby a different type of TKI-target interaction. 

Importantly, these TKIs usually have a more broad target profile then the selective 

EGFR inhibitors discussed previously. Angiogenesis is the formation of new blood 

vessels and particularly in proliferating tumors this process is very important. Blood 

vessels provide actively dividing tumor cells with required nutrients, energy and 

oxygen. This process is heavily mediated via several kinase receptor families (e.g. 

vascular endothelial growth factor receptor (VEGFR) or fibroblast growth factor 

receptor (FGFR)  and these have become attractive drug targets over the last decade. 

Two TKIs developed for angiogenesis inhibition were selected for evaluation as PET-

imaging agents, being axitinib and nintedanib. The target profile of both TKIs is 

comparable (VEGFR, PDGFR and FGFR), however, axitinib demonstrates a more 

selective character towards the VEGFR family. This allowed for a direct comparison in 

the same tumor model systems.  

Both axitinib and nintedanib were successfully labeled via carbon-11 

methylation reactions and the biodistribution and tumor targeting were assessed in 

two head-and-neck cancer xenograft models in mice (FaDu and VU-SCC-OE) 

expressing the desired anti-angiogenic targets as assessed by immunohistochemistry. 

This demonstrated, surprisingly, only selective tumor uptake of [11C]nintedanib in 

FaDu xenografts of 1.66 ± 0.02 % ID/g at 60 min. p.i.. As previously mentioned tracer 

uptake can be substantially influenced by the formation of (radio-)metabolites and the 

metabolism after therapeutic dosing describes metabolites for both compounds on 

interest. Axitinib has a variety of known metabolites, resulting from therapeutic 

dosing, most of which are inactive with regard to kinase inhibition. Furthermore, the 

structure of axitinib comprises a readily isomerizable double bond, which could result 

in additional metabolites in vivo. In the case of nintedanib a carboxylic acid metabolite 

is reported resulting from methylester cleavage, in plasma and tumors. This particular 

metabolite is an active inhibitor of the kinase and due to the charge present on the 

carboxylic acid moiety is unable to pass the cellular membrane. This can be 
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advantageous when this metabolite is formed inside tumor cells as longer exposure is 

achieved. However, when formed in plasma it will no longer be able to enter tumor 

cells, and therefore will lead to reduced tumor uptake.  

To explain the observed biodistribution results a thorough metabolite analysis 

was performed, as initial in vivo stability analyses demonstrated rapid metabolism for 

both tracers. Using LC-MS/MS, methods were developed to detect metabolites of 

interest at tracer level using multi reaction monitoring (MRM). For [11C]axitinib a 

sulfoxide metabolite was observed and it was demonstrated that the double bond was 

not isomerized in vivo. The observed sulfoxide derivative is inactive vis-à-vis the 

primary target(s) of axitinib (the VEGFR family) and this can be a possible explanation 

for the lack of tumor targeting observed. In the case of [11C]nintedanib the carboxylic 

acid metabolite was observed upon incubation in plasma of various species, including 

the mice used in the xenograft studies, however, not in human plasma. Plasma and 

tumor tissue samples obtained from xenografted mice, however, did not demonstrate 

the carboxylic acid after tracer administration or therapeutic dosing (25 mg/kg). A 

substantial polar fraction was observed during metabolite analysis indicative of the 

loss of small polar fragments of radioactivity which could be explained by 

demethylation in vivo. While these results do not provide an unambiguous explanation 

for the lack of tumor targeting observed, they do indicate that metabolism is at least 

partly responsible.   

The study described in chapter 6 was also aimed at another type of kinase, in 

this case a cytosolic kinase, downstream from the membrane growth factor receptors 

discussed in the previous studies. The BRAF kinase is a pivotal member of the RAS-

RAF-MEK-ERK pathway involved in the growth processes of the cell. The BRAF V600E 

mutation is a known driver oncogene in melanoma and other types of solid tumors. 

Vemurafenib is a selective serine/threonine kinase inhibitor approved for the 

treatment of late stage melanoma, which are positive for V600E mutated BRAF. In 

patients positive for this mutation treatment with vemurafenib is very effective, 

however in wild type it is not. Paradoxically preclinical experiments even suggest that 
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vemurafenib leads to increased proliferation in non-mutated tumor cells. PET-imaging 

with radiolabeled vemurafenib can therefore be a valuable tool to study this in vivo 

and has the potential to be used as a patient stratification tool.  

The labeling of vemurafenib is radiochemically challenging and a synthesis 

route employing an innovative Stille coupling with [11C]carbon monoxide insertion 

was developed to prepare [11C]vermurafenib in sufficient yields for in vivo 

experiments. [11C]vemurafenib was analyzed for its tumor targeting potential in 

melanoma xenografts Colo829 (BRAFV600E) and MeWo (BRAFwt) using 

autoradiography, cell uptake studies, and ex-vivo biodistribution studies. BRAF 

expression was determined by FACS analysis and sensitivity to vermurafenib was 

determined by cell viability assays. Finally, sequencing of the xenograft material 

confirmed the mutational status of the xenografts being BRAFV600E for Colo829 and 

BRAFwt for MeWo. Furthermore, the in vivo stability was determined by a plasma 

metabolite analysis and excellent stability of [11C]vemurafenib was observed which 

makes this PET tracer suitable for in vivo studies. Both autoradiography and cellular 

uptake studies showed binding to the tumor tissue which was high, but similar 

binding was observed in both investigated tumor types. Ex vivo biodistribution studies 

confirmed the in vitro experiments demonstrating the same tumor to background 

ratios (when compared to muscle, skin and blood) for both xenograft types 

investigated. The uptake in the relevant background tissue was also higher than the 

uptake observed in the tumors. Therefore selecting vemurafenib-sensitive tumors 

based on [11C]vemurafenib uptake is very challenging and thusfar appears not feasible 

based on the current results.  
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