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-penetrant EGFR tyrosine kinase
inhibitors for PET imaging of glioblastoma†

Maruthi Kumar Narayanam,ab Jonathan E. Tsang,a Shili Xu,ab David A. Nathansona

and Jennifer M. Murphy *ab

Significant evidence suggests that the failure of clinically tested epidermal growth factor receptor (EGFR)

tyrosine kinase inhibitors (e.g. erlotinib, lapatinib, gefitinib) in glioblastoma (GBM) patients is primarily

attributed to insufficient brain penetration, resulting in inadequate exposure to the targeted cells.

Molecular imaging tools can facilitate GBM drug development by visualizing drug biodistribution and

confirming target expression and localization. To assess brain exposure via PET molecular imaging, we

synthesized fluorine-18 isotopologues of two brain-penetrant EGFR tyrosine kinase inhibitors developed

specifically for GBM. Adapting our recently reported radiofluorination of N-arylsydnones, we constructed

an ortho-disubstituted [18F]fluoroarene as the key intermediate. The radiotracers were produced on an

automated synthesis module in 7–8% activity yield with high molar activity. In vivo PET imaging revealed

rapid brain uptake in rodents and tumor accumulation in an EGFR-driven orthotopic GBM xenograft model.
Introduction

The epidermal growth factor receptor (EGFR) plays an impor-
tant role in the development and progression of a variety of
malignant tumors including glioblastoma (GBM), one of the
most lethal malignancies with a median survival of approxi-
mately 16 months.1 Novel anti-tumor therapies that target the
ATP-binding site of the tyrosine kinase domain of EGFR have
become popular and have resulted in the development of
several tyrosine kinase inhibitors (TKIs), with some demon-
strating signicant clinical efficacy in EGFR mutant lung
cancer.2 By contrast, in GBM, rst- and second-generation EGFR
TKIs have failed to improve outcomes for these patients.3 Their
limited efficacy is largely attributed to the presence of a physical
barrier – the blood–brain barrier (BBB) – which precludes the
delivery of more than 98% of all therapeutics.4 To achieve
therapeutic efficacy in GBM, BBB permeability is considered an
essential property to maximize patient benet and clinical
outcome.

Positron emission tomography (PET) molecular imaging
provides a unique opportunity to non-invasively study disease
and has contributed a key role in accelerating drug develop-
ment, particularly in the elds of neurology and oncology.5 The
availability of a radiolabeled isotopologue of the small molecule
drug candidate in the early stage of CNS drug development can
Pharmacology, David Geffen School of

les, CA, 90095, USA

id Geffen School of Medicine, University of

mail: jmmurphy@mednet.ucla.edu

tion (ESI) available. See DOI:

the Royal Society of Chemistry
provide information on whole body biodistribution, pharma-
cokinetics and target engagement.5b,6 In the context of GBM,
where brain penetration of drugs is critical, molecular imaging
enables non-invasive measurements of differences between
brain and plasma pharmacokinetics, indispensable data to
establish the optimal therapeutic dose.7 To date, several small
molecule TKIs have been radiolabeled and evaluated as PET
tracers in an effort to noninvasively assess the in vivo pharma-
cological properties of the drug.8

Radiotracers based on clinically approved TKIs have been
described, two of which have been labeled with uorine-18: 18F-
Getinib and 18F-Afatinib (Fig. 1).8e Getinib, a rst-generation
Fig. 1 (a) 18F-Labeled tracers based on clinically approved tyrosine
kinase inhibitors. (b) This work, synthesis and in vivo imaging of 18F-
JCN037 and 18F-ERAS-801, potent brain-penetrant tyrosine kinase
inhibitors.
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Scheme 1 Retrosynthetic analysis.
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EGFR TKI approved for the treatment of advanced NSCLC, was
radiolabeled with uorine-18 in three steps, in a decay-
corrected radiochemical yield (RCY) of 17%.9 Preclinical in
vivo studies with the radiotracer revealed limited brain pene-
tration and a lack of uptake in EGFR-expressing tumor xeno-
gras, which is consistent with human clinical experience with
getinib treatment.2b,8a,8b,10 Of note, a one-step synthesis of 18F-
Getinib was recently reported via Cu-mediated uorination of
the corresponding aryl pinacol borane with a 22% radiochem-
ical conversion based on radio-TLC and radio-HPLC analysis of
the crude material.11 Afatinib, a second-generation EGFR TKI, is
an irreversible inhibitor that contains a Michael acceptor for
covalent conjugation to a cysteine residue in the ATP binding
domain of EGFR (Fig. 1).8e Synthesis of 18F-Afatinib utilizes
a similar approach to that of 18F-Getinib with a slight differ-
ence in the third step which employs a BOP-mediated conden-
sation reaction with the 4-quinazolinone core.12 Construction of
18F-Afatinib was achieved in 17% RCY (decay-corrected) and in
vivo evaluation in preclinical studies demonstrated similarly
low brain uptake.12,13 Of note, a feasibility study of 18F-Afatinib
in NSCLC patients was recently reported.8d

To address the pharmacological problem of current TKIs for
the treatment of EGFR-driven GBMs, potent EGFR TKIs
designed specically to penetrate the BBB, JCN037 and its
clinical derivative ERAS-801, have been developed that are both
highly selective for extracellular domain mutant (e.g., EGFRvIII)
and amplied WT EGFR, alterations in EGFR that are specic to
GBM.14 These novel TKIs exhibit the 4-anilinoquinazoline core
of clinically approved getinib and afatinib but incorporate
a ring fusion of the 6,7-dialkoxy groups as well as a meta-
bromine and ortho-uorine on the aniline ring (Fig. 1). The
structural modications of JCN037 and ERAS-801, relative to
TKIs erlotinib and lapatinb, resulted in considerably improved
potency and BBB penetration. Superior efficacy was demon-
strated in a GBM orthotopic patient-derived xenogra model
(GliomaPDOX) where JCN037 was shown to signicantly extend
the survival of EGFR-altered, tumor-bearing mice.14a Notably,
ERAS-801 which contains an N-methylpiperazine moiety is
currently being investigated in phase I clinical trials for treat-
ment of patients with GBM (NCT05222802).

We rationalized that a PET tracer for these TKIs could enable
noninvasive measurements of drug biodistribution and accu-
mulation and, importantly, inform on BBB penetration,
providing key data largely responsible for the predictive
measure of therapeutic efficacy and success. In this work, we
report the synthesis and in vivo biodistribution of uorine-18
isotopologues of JCN037 and ERAS-801, namely 18F-JCN037
and 18F-ERAS-801 (Fig. 1). To avoid differences in their in vivo
behavior, the radiotracer and the parent compound have exactly
the same chemical structure and, as a result, identical bio-
distribution, affinity, lipophilicity, polar surface area, etc.
Additionally, in vivo imaging was conducted in EGFR-altered
GliomaPDOX to evaluate target expression and accumulation
of 18F-ERAS-801 in EGFR-driven tumors. We anticipate this
novel radiotracer could provide unique insights into the intra-
tumoral drug distribution in the brain for EGFR-driven GBM
tumors and facilitate clinical development.
13826 | Chem. Sci., 2023, 14, 13825–13831
Results and discussion
Radiosynthetic strategy

Construction of these radiotracers was envisioned to arise from
the conventional SNAr between aniline 18F-2 and the 4-chlor-
oquinazoline pharmacophore 3 to forge the key carbon–
nitrogen bond (Scheme 1). The 4-chloroquinazoline core for 18F-
JCN037 and 18F-ERAS-801 could be synthesized following liter-
ature protocol; thus, to achieve our goal, the critical synthetic
step would be generation of radiolabeled aniline 18F-2.14

A particularly noteworthy characteristic of 18F-2 is that it
exhibits a sterically hindered ortho-disubstituted [18F]uoroaryl
moiety which is a considerable synthetic challenge. Radio-
labeling methodologies that tolerate bulky substituents ortho to
the reactive site are limited with few examples of ortho-disub-
stituted [18F]uoroarenes in the literature.15 We have previously
reported the nucleophilic radiouorination of N-arylsydnones
which facilitates large ortho-substitution and readily affords
[18F]uoroarenes in high yields.16 Utilizing this methodology,
we proposed to generate 18F-2 via radiouorination of the cor-
responding sydnone 1 followed by Pd-catalyzed reduction
(Scheme 1).

First, we began our synthetic strategy with preparation of 2-
bromo-6-nitrophenyl sydnone precursor 1 as shown in
Scheme 2. Formation of the N-aryl glycine 5 was accomplished
in 79% yield via SNAr with bromo-2-uoro-3-nitrobenzene 4.
The N-aryl glycine was converted to the corresponding nitrosa-
mine with tbutyl nitrate followed by cyclodehydration to form
the sydnone 1 in 72% yield from 5.

We initially evaluated various conditions for radio-
uorination of precursor 1 directly on an automated radiosyn-
thesis module (Table S1†). Given the strong activating nature of
the ortho-nitro substituent towards SNAr, conversion of
precursor 1 to 18F-4 was nearly quantitative aer 10 min at 70 °C
(Table 1). Investigation of lower temperatures revealed that the
radiouorination proceeded efficiently at 30 °C in 8 min to
cleanly afford the desired nitrobenzene 18F-4 in 97% RCY.

We next sought to prepare aniline 18F-2. Formation of 18F-2
proceeded in 48% RCY upon the reduction of 18F-4 in methanol
with NaBH4 in the presence of Pd/C at ambient temperature for
5 min (Table 2, entry 1). We rst focused on the amounts of Pd/
C and NaBH4, keeping a consistent ratio of around 2- to 3-fold
excess reducing agent over transition metal (Table 2, entries 1–
4). Lowering the mass amount of NaBH4 provided cleaner HPLC
traces with less side product formation. Signicantly lowering
the mass of palladium was unproductive and completely sup-
pressed the reduction (see Table 2, entry 4).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of 2-bromo-6-nitrophenyl sydnone 1. Reagents
and conditions: (a) glycine, K2CO3, 1,4-dioxane : water (1 : 3), 16 h, 50 °C,
79%; (b) tert-butyl nitrite, THF, 3 h, 23 °C; trifluoroacetic anhydride, 4 h,
23–40 °C, 72%.

Table 1 Optimization of radiofluorination to prepare 18F-4a

Entryb Base Solvent Time (min) Temp. (°C) RCYc (%)

1 K222/K2CO3 DMSO 10 70 96
2 Et4NHCO3 DMSO 10 70 96
3 K222/K2CO3 DMSO 8 30 97
4 Et4NHCO3 DMSO 8 30 70
5 K222/K2CO3 CH3CN 8 30 65

a Conditions: sydnone precursor 1 (∼1.5 mg), base (K222 (12 mg)/K2CO3
(2 mg) or Et4NHCO3 (4.2 mg)), [18F]uoride, solvent (400 mL).
b Conducted on the ELIXYS automated radiosynthesis module. c RCY
was determined by radio-TLC analysis of the crude product 18F-4.

Table 2 Optimization of reduction step to prepare 18F-2a

Entry Pd/C (mg) NaBH4 (mg) Time (s) RCYb (%)

1 5.0 15.0 300 48
2 5.0 13.0 300 58
3 4.6 10.8 300 53
4 1.4 5.0 300 1
5 5.2 3.5 150 70
6 5.2 3.0 160 60
7 5.5 4.1 160 74
8 5.5 4.0 140 61
9 5.2 4.6 150 85
10 4.8 4.6 150 80

a Conditions: 18F-4 (∼185 MBq), methanol (1.2–1.5 mL), 23 °C. b RCY
was determined by radio-HPLC analysis of the crude product 18F-2.

Table 3 Optimization of SNAr step to prepare 18F-JCN037a

Entry 3a (mg) Temp. (°C) Solvent Time (min) RCYb (%)

1c 1.3 95 IPA 20 41
2c 1.3 95 DMF 25 30
3c 3.3 95 IPA 20 45
4c 3.6 95 MeOH 25 35
5c 5.5 95 IPA 25 49
6 3.5 95 IPA 30 58
7 5.0 95 IPA 30 76
8 4.5d 95 MeOH 30 65
9 5.5d 95 CH3CN 30 75
10 5.0d 100 CH3CN 30 78
11 5.0d 100 CH3CN 25 62
12 5.0d 105 CH3CN 30 68
13 5.0d 110 CH3CN 30 65

a Conditions: cartridge-puried 18F-2, solvent (0.8–1.2 mL), manual
addition of 3a to the reaction vial of the synthesis module, 3a was
split into two equal batches and added portion-wise. b RCY was
determined by radio-HPLC analysis of the crude product 18F-JCN037.
c Crude 18F-2. d Automated addition of 3a via the synthesis module.
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Altering the mass ratios between the reducing agent and
transition metal to where the palladium was in slight excess
proved to further minimize undesirable side product formation
and provide cleaner product composition in half the reaction
© 2023 The Author(s). Published by the Royal Society of Chemistry
time (see Table S3†). In 2.5 min, conversion to 18F-2 was ach-
ieved in 60–70% RCY with ∼3 mg NaBH4 and 5.2 mg Pd/C
(Table 2, entries 5 and 6). Further renement continued to
improve the conversion and generate 18F-2 in 85% RCY within
2.5 min (Table 2, entry 9).

With aniline 18F-2 in hand, we focused on the substitution
reaction with 4-chloroquinazoline 3a to produce 18F-JCN037 and
rigorous screening was conducted. Initially, we used crude 18F-2,
without further purication, and found that the addition of 3a
into the reaction vial in two equal portions, with the second
portion being added aer 15 min, revealed greater consumption
of 18F-2 and increased product formation (Table S6†). Therefore,
a two-part addition of 3a was continued throughout the optimi-
zation process. Product formation was observed in 41% RCY
upon treatment of crude 18F-2with 1.3mg of 3a in IPA at 95 °C for
20 min (Table 3, entry 1). Screening solvents revealed IPA to be
superior and increasing the mass amount of 4-chloroquinazoline
3a yielded slightly higher RCYs (Table 3, entries 2–5).

Intermediate HPLC purication of 18F-2 was briey investi-
gated, generating 18F-JCN037 in 95% RCY albeit adding exces-
sive time constraints to the overall process (Table S7†).
Alternatively, to avoid the lengthy HPLC purication, C18 Sep-
Pak cartridge purication of 18F-2 was pursued. In IPA, 18F-
JCN037 was generated in 76% RCY upon treatment of cartridge-
puried 18F-2 with 5.0 mg of 3a in IPA at 95 °C for 30 min
(Table 3, entry 7). When this step was translated to an auto-
mated radiosynthesis module, the moderate solubility of 4-
chloroquinazoline 3a in IPA created an unsatisfactory hetero-
geneous reagent mixture. Alternatively, solubility of 3a in
acetonitrile enabled the consistent and complete addition of
Chem. Sci., 2023, 14, 13825–13831 | 13827
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Fig. 2 (A) Radiosynthesis of 18F-JCN037. (B) Representative co-registered PET/CT images of sydnone-HEHE-peptide and brain-penetrant 18F-
JCN037 biodistribution in a mouse at 1 min post-injection of the tracer and the time–activity curve of 18F-JCN037 in the mouse brain. (C)
Representative co-registered PET/CT images of 18F-JCN037 biodistribution in a rat brain at 5 min post-injection of the tracer and the associated
time–activity curve.
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the 4-chloroquinazoline to the reaction vial in an automated
process. With acetonitrile as the solvent, treatment of 18F-2 with
5.0 mg of 3a at 100 °C for 30 min generated 18F-JCN037 in 78%
RCY (Table 3, entry 10).

Having optimized the synthetic protocol, we streamlined the
process to ensure the production of 18F-JCN037 on the ELIXYS
radiosynthesis module, with minimal manual manipulation.
The radiouorination and substitution steps as well as the
intermediate cartridge purications were fully automated. The
reduction step was conducted under inert atmosphere; as such,
intermediate 18F-4 was pushed into a sealed vial equipped with
an argon balloon, situated on a stir plate next to the radio-
chemical synthesis module (Fig. S8†). Following the reduction,
the vial was manually unscrewed and placed back into the
ELIXYS for the completion of the automated synthesis. HPLC
purication of 18F-JCN037 was fully automated and the tracer
was obtained in >99% radiochemical purity and 24 ± 5% iso-
lated RCY, based on starting [18F]uoride activity (decay cor-
rected, n = 4). The activity yield was 7.0 ± 0.7% (non-decay
corrected, n = 4) and the molar activity was 40.7 ± 5.6 GBq
mmol−1 (1.1 ± 0.1 Ci mmol−1), (n = 3) (Fig. 2A).

Molecular imaging of 18F-JCN037

To evaluate the biodistribution of JCN037 in vivo, preclinical
imaging studies with 18F-JCN037 were conducted. Micro-
positron emission tomography-computed tomography
(microPET/CT) imaging studies were performed in näıve
C57BL6mice and in a Sprague Dawley (SD) rat at 0–2 h (dynamic
scan) and 4 h (static scan) post-injection (p.i.) of the tracer
(Fig. 2). Rapid accumulation of 18F-JCN037 was observed in the
mouse brain, with a SUVmean value of 0.85 at 1 min p.i., followed
by a rapid decrease in the probe concentration in the brain
(Fig. S12†). This data is consistent with the previously reported
short half-life of JCN037 due to rapid clearance.14a Our labora-
tory recently reported work involving a cyclic peptide-based
radiotracer, sydnone-HEHE-peptide, which fails to cross the
13828 | Chem. Sci., 2023, 14, 13825–13831
BBB.17 Focusing on brain distribution, we compared the PET/CT
images between mice that were administered either sydnone-
HEHE-peptide or 18F-JCN037 (Fig. 2B). The stark contrast
between the in vivo images further highlights the rapid brain
uptake of 18F-JCN037. Finally, rapid accumulation of 18F-
JCN037 occurred in the rat brain, with a SUVmean value of 1.19 at
1 min p.i., followed by rapid decrease in the brain (Fig. 2C).

Preparation of 18F-ERAS-801

Encouraged by the imaging results of 18F-JCN037 we next
pursued the synthesis of 18F-ERAS-801. In an effort to secure
a fully automated radiosynthesis of 18F-ERAS-801, the sodium
borohydride reduction step to afford aniline 18F-2 was revised
and reoptimized. Nitroarene 18F-4 was converted to the corre-
sponding aniline via iron reduction in the presence of acetic
acid.18 Optimization of the iron reduction was completed and
the process was fully automated on the ELIXYS radiosynthesis
module to afford 18F-2 in 83 ± 3 RCY (Tables S13 and S14†).

Synthesis of 4-chloroquinazoline core 3b was achieved
following published protocols14b and the previously optimized
conditions for the SNAr between aniline 18F-2 and 3a were
applied to the system using 3b as the appropriate 4-chlor-
oquinazoline (Fig. 3A). Fine tuning of the reaction conditions
revealed that 18F-ERAS-801 was generated in acetonitrile at 105 °
C in 4 min in 86% RCY, based on radio-HPLC analysis of the
crude product (Table S16†). Unlike 3a, the addition of 3b was
performed in one-pot and, aer HPLC-purication, afforded
18F-ERAS-801 in 31 ± 6 isolated RCY (n = 9) (Table S17†).

Production of 18F-ERAS-801 via the three-step process was
fully automated on the ELIXYS radiosynthesis module
(Fig. S13†) and was achieved in >99% radiochemical purity and
22 ± 4% isolated RCY, based on starting [18F]uoride activity
(decay corrected, n = 9). The activity yield of 18F-ERAS-801 was
8 ± 2% (non-decay corrected, n = 9) and the molar activity was
41.8 ± 14.1 GBq mmol−1 (1.1 ± 0.4 Ci mmol−1), (n = 4) (Fig. 3A).
Inductively coupled plasma mass spectrometry (ICP-MS)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Radiosynthesis of 18F-ERAS-801. (B) and (C) Representative co-registered PET/CT images of brain-penetrant 18F-ERAS-801 bio-
distribution in (B) a mouse and (C) a rat at indicated timepoints post-injection of the tracer, with corresponding time–activity curves of 18F-ERAS-
801 uptake in the brains of each animal.
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analysis was performed to detect iron in the formulated 18F-
ERAS-801 samples and the residual iron content was deter-
mined to be <10 ppb (n = 2 samples), which is well below the
acceptable limit for in-human injection.19 Additional quality
control (QC) testing was performed on the formulated dose
which met or exceeded the specied criteria for clinical
applications (Table S21†).
Fig. 4 (A) Representative co-registered PET/MRI/CT images of the con
injection of 18F-ERAS-801. Dashed areas, glioblastoma. (B) Time-activity
glioblastoma-bearing mouse brain. (C) Tumor-to-brain ratio of 18F-ERA

© 2023 The Author(s). Published by the Royal Society of Chemistry
Molecular imaging of 18F-ERAS-801

With an automated synthesis of 18F-ERAS-801 in hand,
microPET/CT imaging studies were conducted in rodents to
evaluate overall brain penetration and tissue accumulation of
the radiotracer (Fig. 3). Rapid uptake of 18F-ERAS-801 was
observed in the mouse brain, with a SUVmean value of 0.71 at
1 min p.i. followed by signicantly improved retention and
trol brain and the glioblastoma-bearing brain in mice, 4 hours post-
curves of 18F-ERAS-801 in the healthy control mouse brain and in the
S-801 uptake over 4 hours post-injection of the tracer. *p < 0.05.
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a slower clearance than what was observed for 18F-JCN037
(Fig. 3B). Remarkably, the in vivo biodistribution of 18F-ERAS-
801 in a SD rat revealed a slow initial uptake of the radiotracer
in the rat brain, with a SUVmean value of 0.33 at 2 h p.i., followed
by a long retention time of activity in the brain at 4 h p.i.
(Fig. 3C).

Encouraged by the signicantly improved pharmacokinetic
properties and brain retention of 18F-ERAS-801, microPET/CT
imaging and biodistribution studies were conducted in mice
with GliomaPDOX tumors implanted in the brain to assess
targeting and sensitivity (Fig. 4). In parallel, non-tumor bearing
NSG mice were evaluated as a control group. To better visualize
the brain anatomy and the implanted glioblastoma, MRI was
performed in addition to PET and CT due to its superior so
tissue contrast (Fig. 4A). The PET signal is signicantly higher in
the whole-brain of the tumor-bearing mice compared to the
whole-brain of the healthy control mice (Fig. 4B). Aer 1 hour
tracer uptake, 18F-ERAS-801 displayed 1.7-fold higher PET
signal in tumor tissue than healthy brain tissue, with relatively
high retention in the tumor over the next three hours (Fig. 4C).
Notably, at the 4-hour time point, 18F-ERAS-801 accumulation
was nearly 3-fold higher than tracer signal in the healthy tissue
of the corresponding brain, conrming target specicity
(Fig. 4C).

The greater uptake of 18F-ERAS-801 in the brain suggests that
ERAS-801 may overcome the poor BBB penetrating properties of
other EGFR TKIs that have been tested and failed in GBM. It
remains to be determined if these improved properties of ERAS-
801 will translate into a clinical benet for GBM patients.
However, the improved outcomes for EGFR-mutant NSCLC
patients with brain metastasis treated with the CNS penetrant
EGFR TKI Tagrisso20 suggests that higher brain exposures of an
EGFR TKI can be effective and non-toxic in the brain.

Conclusions

In summary, we have developed two PET tracers, 18F-JCN037
and 18F-ERAS-801, that are uorine-18 isotopologues of JCN037
and its clinical derivative ERAS-801, recently developed TKIs
against EGFR-driven GBM. PET imaging studies of these tracers
enabled noninvasive, whole-body pharmacological measure-
ments including brain accumulation and retention, valuable
data for CNS drug development. The synthesis of 18F-ERAS-801
was fully automated on a commercial radiosynthesis module in
8 ± 2% activity yield. PET imaging studies of 18F-ERAS-801
conrmed BBB penetration and, importantly, provided insights
into the intratumoral drug distribution in the brain for EGFR-
driven GBM tumors.

PET tracers that can validate tumor engagement during pre-
clinical drug development, visualize and quantify EGFR
expression in vivo, differentiate between EGFR mutational
statuses, and potentially predict patients' response to TKI
treatment are of great interest. PET imaging was recently re-
ported to enable precise quantication of EGFRmutation status
in NSCLC patients and improve overall patient management
and care.8c The benecial role of 18F-ERAS-801 to provide this
type of predictive information for the clinical assessment of
13830 | Chem. Sci., 2023, 14, 13825–13831
ERAS-801 treatment remains to be seen and additional studies
are ongoing to validate this potential value.
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