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Abstract

N-[18F]fluoroacetylcrizotinib, a fluorine-18 labeled derivative of the first FDA approved tyrosine 

kinase inhibitor (TKI) for the treatment of Anaplastic lymphoma kinase (ALK)-rearranged non-

small cell lung cancer (NSCLC), crizotinib, was successfully synthesized for use in positron 

emission tomography (PET). Sequential in vitro biological evaluation of fluoracetylcrizotinib and 

in vivo biodistribution studies of [18F]fluoroacetylcrizotinib demonstrated that the biological 

activity of the parent compound remained unchanged, with potent ALK kinase inhibition and 

effective tumor growth inhibition. These results show that [18F]fluoroacetylcrizotinib has the 

potential to be a promising PET ligand for use in NSCLC imaging. The utility of PET in this 

context provides a non-invasive, quantifiable method to inform on the pharmacokinetics of an 

ALK-inhibitor such as crizotinib prior to a clinical trial, as well as during a trial in the event of 

acquired drug resistance.
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Anaplastic lymphoma kinase (ALK), first discovered in anaplastic large-cell lymphoma, is a 

receptor tyrosine kinase with an altered expression implicated in the pathogenesis of 

multiple human cancers, including non–small cell lung cancer (NSCLC)1. Of the estimated 

2.1 million new cases of lung cancer diagnosed globally in 2018, 85% were NSCLC2,3, 

making it a leading cause of cancer death in industrialized countries2,4. Activating mutations 

in the ALK tyrosine kinase domain, aberrant chromosomal rearrangements, and fusion 

products tend to be transforming in vitro and in vivo1. Moreover, ALK-rearranged NSCLC 

comprises nearly 5–6% of all NSCLC, accounting for up to 125,000 new cases of lung 

cancer globally5. As such, ALK represents a rational therapeutic target, as preclinical and 

clinical studies have demonstrated promising efficacy of small-molecule ALK tyrosine 

kinase inhibitors (TKIs)3,4.

One ALK inhibitor of particular note is the 3- benzyloxy-2-aminopyridine crizotinib (Figure 

1; Scheme 1, compound 1) (Xalkori®, Pfizer), an orally available, multi-targeted small-

molecule ATP-mimetic active against both ALK and mesenchymal–epithelial transition 

factor kinase. Crizotinib was the first TKI approved for lung cancer by the FDA for the 

treatment of ALK-rearranged NSCLC and remains a viable treatment even with more recent 

options available. The National Comprehensive Cancer Network guidelines currently 

recommends crizotinib as a first-line therapy option in ALK-positive patients with locally 

advanced or metastatic NSCLC6.

Application of positron emission tomography (PET) toward drug discovery and development 

is becoming prevalent as it can effectively guide and inform biological target selection, drug 

biodistribution, and therapeutic dosing. Moreover, as companion diagnostics, drugs labeled 

with radioisotopes (fluorine-18; 18F) could potentially aid in targeted therapy efficacy 

through improved patient selection. One example of this is the PRECEDENT study that used 

single photon emission computed tomography (SPECT) imaging with EC20 to identify a 

sub-population of ovarian cancer subjects more responsive to targeted therapy with EC1457. 

Since then, the EC20 SPECT tracer has been developed and used as an in vivo imaging 

companion diagnostic.

Our laboratory has previously explored the use of targeted PET imaging ligands in the 

context of various cancers to determine if they could potentially serve as useful cancer 

imaging biomarkers8–11. The goal of this study was to determine whether crizotinib (1) 

could also be adapted into an effective PET ligand ([18F]-4a). If successful, [18F]-4a could 
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serve as a PET ligand for cancer imaging, improving diagnostic evaluation of individual 

ALK variations in patients by enabling identification of the appropriate patient population 

most likely to benefit from crizotinib therapy. Furthermore, long-term efficacy could be 

assessed through monitoring the level of resistance within the patient population receiving 

the therapy.

The de novo synthesis of crizotinib has been published12,13 and newer methods have been 

developed to make synthesis more efficient14. The chemistry developed herein focused on a 

two-step synthesis of the final tracer ([18F]-4a) through direct modification of the 

commercially available parent compound (1). While the attractiveness of replacing the 19F at 

the 3-phenyl position of 1 with 18F was readily apparent, thereby maintaining the nascent 

drug structure, radiofluorination of aromatic rings containing electron-donating groups can 

be synthetically demanding15. Incorporation of carbon-11 (11C) at C-3 was also considered. 

While this would also preserve the native crizotinib structure, the 20.4 min half-life of 11C 

would limit broad utility of the tracer. The choice was thus made to incorporate 18F (109.4 

min half-life) at another site on the molecule, with minimal modification of the parent 

compound.

Prior structure-activity studies of the crizotinib 3-benzyloxy-2-aminopyridine scaffold have 

shown tolerance of acetyl functionalities at the 5-piperidine nitrogen16. Accordingly, 

derivitization of this nitrogen with a 2-fluoroacetyl moiety was considered, with the thought 

that the non-radioactive (19F) analog 4a would potentially demonstrate ALK-selectivity 

similar to its parent (1). One of the advantages of this group is the robustness of its 

radiosynthesis, due in part to its bromoacetyl precursor group that readily undergoes 

nucleophilic radiofluorination17. Moreover, our lab has previously demonstrated that 

radiolabeling of small molecules in this manner is reliable and straightforward11.

Synthesis of 4a was achieved in a single, high-yielding step starting from commercially 

available crizotinib (1) by acylation of the 5-piperidine nitrogen with fluoroacetyl chloride 

(Scheme 1). Similarly, the N-bromoacetyl piperidine radiofluorination precursor (4b) was 

accessible using bromoacetyl bromide (Scheme 1).

Compound 4a was biochemically characterized and compared to 1 in vitro in two separate 

assays1. The first was a kinase assay that involved treatment of ALK mutant cell line H3122 

lung cancer cells containing the EML-4-ALK E13; A20 fusion with increasing 

concentrations of compounds 1 and 4a for one hour. Subsequent western blot analysis 

showed a comparable, if not improved, inhibition of ALK phosphorylation by 4a, 

particularly at a concentration of 500 nM (Figure 2a). A cell viability assay was also 

performed, in which cells were seeded in 12-well plates at 25% confluency and treated with 

compounds 1 and 4a. Seventy-two hours after drug addition, cells were stained with 

propidium iodide and counted on a FACSanto II machine. Figure 2b shows comparable 

inhibition of cells harboring fusion variants or activating ALK mutations. Taken together, 

these data demonstrate that the original biological activity of 1 remained intact in analog 4a, 

suggesting a strong potential for an imaging probe (5) that would accurately reflect activity 

in vivo.
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Microfluidic-radiolabeling approaches were initially applied to ascertain labeling feasibility 

of precursor 4b. Microfluidic approaches enable rapid optimization and evaluation of 

various radiochemical conditions, which may subsequently inform the feasibility of larger 

scale production. This was done using a commercial microfluidic module (NanoTek®) that 

enabled carefully controlled stoichiometry between [18F]fluoride and 4b, highly controlled 

reaction temperatures and precisely controlled reaction timeframes. The controllable flow 

rates of the mixed reactants passing through known lengths of heated reactors enabled 

pinpoint reaction times to be set and/or varied to systematically workout optimized 

production parameters. Using this technology, we carried out multiple, small-scale, 

sequential radiolabelings in a relatively short amount of time, using minimal precursor, 

reagents, and [18F]fluoride. This information was then used to better inform the transition to 

the GE TRACERlab™ FX N synthesizer module for larger, preclinical scale productions. 

Using cyclotron-generated [18F]fluoride and K+-K2.2.2/K2CO3, a series of reaction 

temperatures and solvents were investigated and monitored by radioTLC for product 

formation. Figure 3A shows a comparison of [18F]fluoride incorporation using two different 

anhydrous solvents (DMF, DMSO) and in a reaction temperature range (80–180 °C). Of the 

solvents, DMSO gave higher [18F]fluoride incorporation, with nearly 20% at 180 °C, 

compared to the maximum of ≥5% with DMF at 120 °C. The data generated from these 

experiments also highlighted the thermal stability (up to 180 °C) of precursor 4b.

Adaptation of these reaction conditions allowed preclinical production of [18F]-4a in the 

TRACERlab™ with labeling conditions of 120 °C for 15 min (Figure 3B). Purification of 

[18F]-4a was carried out with preparative HPLC using an ethanol:water (1:1) mobile phase 

on a C18 semi-preparative column. The retention time of [18F]-4a was 23 min according to 

gamma detection and corresponded to the UV retention time of nonradioactive 4a. 

Radiochemical purity was consistently greater than 95% (n=4), with molar activities in the 

range of 500–2700 Ci/mmol (18.5–100 TBq/mmol) (n=4).

[18F]-4a was evaluated in vivo in athymic nude mice (n=5) (Foxn1nu/nu; Harlan 

Laboratories, Indianapolis, IN). Following retro-orbital administration of 550 µCi (20.4 

MBq) of [18F]-4a, dynamic PET images were acquired (90 minutes) on a Siemens Focus 

220 microPET (Knoxville, TN), followed by CT (micro-CAT II; Siemens Preclinical 

Solutions) for attenuation correction.

For biodistribution studies, approximately 200 µCi of [18F]-4a were injected retro-orbitally 

in the mice (n=6). Three mice per group were sacrificed at 30 and 90 minutes. Organs of 

interest (brain, heart, liver, spleen, lungs, kidney, blood, colon) were immediately harvested, 

weighed, and counted for 1 minute in a well counter. Radioactivity obtained from each organ 

was calculated as percentage of the injected dose per gram of the tissue (%ID/g).

Thirty minutes after injection, the liver (14.95 %ID/g) was the organ of major [18F]-4a 
accumulation, with the kidney being the next highest at 1.93 %ID/g (Table 1). The brain 

(0.2633 %ID/g) was the organ of least accumulation. All other organs ranged from 0.6775 to 

1.237 %ID/g. A similar trend was seen 90 minutes after injection, though with lower overall 

%ID/g values. The liver showed an average %ID/g of 5.547 and the brain 0.2273. The spleen 

replaced the kidney as next highest at 0.5668 %ID/g, with the rest of the organs ranging 
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from 0.299 to 0.5456. In vivo microPET imaging of [18F]-4a biodistribution in athymic nude 

mice (Figure 4) was found to agree with the cut and count values.

Recent studies have shown that analogues of ALK-inhibiting drugs, such as crizotinib, that 

have been radiolabeled with 18F could prove to be viable PET tracers18. These tracers can 

then be used to gauge the levels of ALK protein in tumors, determine which patients would 

benefit from clinical trials, and in pharmacokinetic/pharmacodynamic analyses, all while 

retaining their specificity for ALK receptors18.

In this study, we successfully adapted an approved lung cancer, small-molecule therapeutic 

(crizotinib, 1) into a PET tracer ([18F]-4a) with in vivo biological activity analogous to the 

parent compound. PET imaging studies and biodistribution studies of ([18F]-4a) suggest 

typical accumulation of the tracer in the major organs within mice. The utility of PET within 

this context holds numerous possibilities for the research and development of 

pharmaceuticals, ranging from informing on the prospective pharmacokinetics of a drug 

about to enter into clinical trial to monitoring pharmacokinetics once a trial has begun, with 

the latter being of particular note in the event of addition of a second therapy or drug 

resistance19.
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Figure 1: 
Structure of crizotinib, an ALK inhibitor.
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Figure 2: 
A. Comparative Western blot analysis of H3122 (EML4-ALK E13; A20) lung cancer cells 

treated with varying concentrations of crizotinib (1) and analog (4a). B. Comparative tumor 

cell growth inhibition study of crizotinib (1) and analog (4a).
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Figure 3: 
A. Comparison of [18F]-fluoride incorporation in different solvents using the Advion 

NanoTek. B. Preclinical production of [18F]-4a utilizing DMSO as the solvent.
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Figure 4: 
Summation of a 90-minute dynamic PET imaging study showing the biodistribution of 

[18F]-4a in a healthy athymic nude mouse. (A) Transverse (B) Coronal and (C) Axial views 

are shown.
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Scheme 1: 
Synthesis of nonradioactive 4a and the radio-fluorination precursor 4b to yield [18F]-4a, a 

PET ligand for NSCLC imaging.
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Table 1.

%ID/g of [18F)-4a in Harvested Tissues

Tissue 30 minutes 90 minutes

Brain 0.2633±0.066 0.2273±0.072

Liver 14.95±4.631 5.547±1.385

Spleen 0.6775±0.331 0.5668±0.469

Heart 0.8972±0.242 0.299±0.072

Blood 1.237±0.359 0.4511±0.085

Kidney 1.933±1.063 0.5456±0.182

Lung 0.7859±0.142 0.4682±0.4361

Colon 0.6965±0.175 0.3096±0.105
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