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Abstract: Non-small cell Lung Cancer (NSCLC) is the leading cause of cancer death, with
approximately 1.3 million deaths annually worldwide. Tyrosine Kinase Inhibitors (TKIs) targeting the
Epidermal Growth Factor Receptor (EGFR) are used as therapy for NSCLC patients. However, patients
receiving first and second-generation TKIs will usually develop drug resistance within 6-12 months
after treatment. Resistance occurs because of EGFR mutations that interfere with the therapeutic
process. Therefore, detecting the type of EGFR mutation before treatment by TKIs is necessary.
Molecular imaging techniques such as Positron Emission Tomography (PET) and Single Photon
Emission Computed Tomography (SPECT) promise non-invasive techniques for mutation detection.
This study aims to review articles on radiotracers developed to detect common EGFR mutations, such
as exon 19-del and exon 21 L858R mutation in NSCLC. The method used in this research is to search
for articles through international databases such as Scopus, SciFinder, and PubMed with inclusion and
exclusion parameters. The results showed that several radiotracers were selective for EGFR 19-del and
L858R. However, some compounds need to be modified structurally to have high specificity.

Keywords: Del19; L747-A750; L858R; PET; radiotracer; SPECT.

© 2024 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Lung cancer is the most common type of cancer in both men and women, which ranks
first in the number of cancer deaths in the US in 2023, at 21% for both sexes [1]. Non-small
cell lung cancer (NSCLC) is the most common type of lung cancer [1,2]. The epidermal growth
factor receptor (EGFR) therapy, such as tyrosine kinase inhibitors (TKIs), exhibited effective
response by NSCLC patients [3,4]. However, sequencing of the EGFR gene revealed that most
tumors that respond to EGFR TKIs harbor activating mutations in the EGFR kinase domain
[5,6]. The most common mutations in EGFR are in exon 19 (Del19), which eliminates amino
acids 747-750 (Leu-Arg-Glu-Ala), and in exon 21, where there is an L858R amino acid
substitution [7-9]. Therefore, the discovery of a new generation of TKIs continues to be
pursued through structural modifications to overcome resistance to TKIs due to EGFR
mutations.

Determining the type of mutation in NSCLC patients prior to therapy is necessary for
effective therapy. Imaging agents resulting from TKIs radiolabeling are promising in
determining the type of mutation in NSCLC [10,11]. Radiolabeling is carried out using
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positron-emitting radionuclides, which can then be used as tumor imaging agents through
modulating positron emission tomography (PET) and single photon emission computed
tomography (SPECT) [12-14]. The use of radiotracer in cancer diagnostic techniques, also
known as nuclear medicine imaging, is a revolutionary, highly effective, non-invasive
approach for patients that aims to differentiate the types of mutations in EGFR [15-17].

This diagnostic technique complements some of the limitations of the most commonly
used biopsy technique. Some of the limitations of a biopsy include its inability to describe the
overall condition of the tumor due to the small number of samples taken while the nature of
the cancer is very heterogeneous [18-20]. In addition, repeated sampling of the biopsy method
is invasive in patients [21-23]. Thus, nuclear medicine imaging plays a very important role in
making a diagnosis, which, of course, has a direct positive implication in increasing the
effectiveness of therapy for NSCLC patients.

Several types of radiotracers have been developed to detect mutations in the EGFR.
These radiotracers not only focus on the EGFR Del19 and L858R mutations but also several
radiotracers focus on the double EGFR L858R/T790M mutation [16,24,25]. Nonetheless, this
study will focus on the active mutant EGFR Del19 and L858R. Some active mutant radiotracers
still have limitations to be used optimally as imaging agents. Therefore, this study aims to
record several radiotracers that have been developed to diagnose mutations in EGFR Del19
and L858R.

Here, we found that several radiotracers have been developed with either PET or
SPECT modulation. The radiotracer was fundamentally tested on the NSCLC cell line, such as
on the EGFR Del19, L858R mutations, L858R/T790M mutation, and EGFR WT both in vitro
and in vivo evaluation.

2. Radiotracer targeting EGFR Del19 and L858R

To successfully use EGFR-TKIs on patients with NSCLC who have EGFR Del19 and
L858R mutations, PET or SPECT imaging might be a valuable and non-invasive approach for
identifying patients sensitive to EGFR-TKIs. The fundamental evaluation of numerous
radiotracers was performed on several target cell lines, as indicated in Table 1, to distinguish
the preferential accumulation of the radiotracer in NSCLC. Table 2 and Figure 1 show certain
radiolabeled targeting EGFR Del19 and L858R mutations.

Table 1. Cell lines in the radiotracer evaluation targeted EGFR Del19 and L858R mutations.

No. | EGFR Over-expression Cell lines

1. L858R H3255

2. Del19 H1650, PC9, HCC827

3. L858R/T790M H1975

4. WT H441, H358, PC14, A549, A431
5. WT transfected H1299

6. Low EGFR expression H520

Table 2. Radiolabeled small molecules for imaging EGFR Del19 and L858R mutations.

No Radiotracer Targeted Cell preference Cell uptake Tumor accumulation
EGFR
1. [*®F]PEG6-1PQA [21] L858R H3255 400 cell/medium ratio | 2.34 + 0.13% ID/g (2 hours)
2. [$3¥124])morpholino- L858R EGFR-transfected | 3.12 + 0.304 0.280 + 0.000 % ID/g (1 hour),
IPQA [26] H1299 cell/medium ratio 0.251 + 0.001 (4 hours)
3. [*Z1PHY [27] L858R H3255 - 2.04%ID/g (1 hour)
4, [1*C]erlotinib [28] Del19 HCC827 - 3.2 + 0.3%ID/g (25 minutes)
5. [‘®F]afatinib [28] Del19 HCC827 - 1.2 + 0.2%I1D/g (10 minutes)
6. [1*C]PD153035 [29] Del19 HCC827 5.365 + 0.246 cell > 2500 cell count (40 minutes)
count
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No Radiotracer Targeted Cell preference Cell uptake Tumor accumulation
EGFR
7. [*8F]IRS [30] Del19 HCC827 19.07 £ 0.70% 1.90 + 0.31%ID/g (30 minutes)
8. [**"Tc]HYNIC-MPG Del19 PC9 4.89 + 0.08% 6.16 + 0.28% (2 hours)
[31]
9. [*®F]APP-1 [32] L858R H3255 46.8 + 7.6% dose/mg 3.62%ID/g (1 hour)
protein 3.80%ID/g (3 hours)
10. [8FIFTP2 [10] L858R H3255 32.5+2.0% ID/mg 2.5 £ 0.3%ID/g (3 hours)
protein
11. [*.FIMPG [33] Del19 HCC827 > 4% of total 7.22 +£0.28%ID/g (1 hour)
radioactivity
12. 6-O-[*8F]FEE [34] Del19 HCC827 - 1 SUV (1 hour)
13. methylindole-[*'C] Del19 HCC827 - 2.17 £0.27 %ID/g (45 minutes)
osimertinib [35]
14. | dimethylamine-[*C] Del19 HCC827 - 2.16 + 0.14 %ID/g (45 minutes)
osimertinib [35]
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Figure 1. Radiotracer for imaging EGFR Del19 and L858R mutations.
2.1. [®*F]PEG6-IPQA.

All four cell lines showed rapid uptake of 4-[(3-iodophenyl)amino]-7-{2-[2-{2-(2-[2-
{2-([*®F] fluoroethoxy)- ethoxy}- ethoxy]-ethoxy)- ethoxy}-ethoxy]- quinazoline-6-yl
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acrylamide ([*®F]JPEG6-IPQA) during the initial phase (first 20 min). After that, [\®F]PEG6-
IPQA accumulation reached a plateau in H441, H1975, and PC14 cells at around 30—40
cells/medium concentration ratio. In contrast, in H3255 cells, radiotracer accumulation
continued to increase for up to 1 hour and reached a plateau at a cell-to-medium concentration
ratio of 400-600. The magnitude of [*®F]PEG6-IPQA accumulation in H3255 cells was more
than 10-fold higher than in H441 cells. Radiotracer uptake studies demonstrated significant
retention of [*®F]PEG6-IPQA in H3255 cells (cells per media concentration ratio of approx.
400), which accounted for 65% of the total accumulated radioactivity between 60 and 120 min
of incubation. In contrast, almost 50% of [*®F]PEG6-IPQA radioactivity was washable from
H441 cells, more than 60% from PC14 cells, and more than 70% from H1975 cells. After the
washout of PC14 and H1975 cells, the magnitude of [*3F]JPEG6-IPQA retention was less than
10 cells/medium concentration ratio. The magnitude of [*®F]JPEG6-IPQA accumulation in all
tested cell lines decreased significantly in the presence of gefitinib (Iressa®, 100 uM/L) in
culture medium [21].

PET with computed tomography (CT) imaging showed a greater accumulation of
[*®F]PEG6-IPQA in the H3255 tumor (2.34 + 0.13% ID/g) than in other tumors. Radiotracer
accumulation in tumors H441 (1.59 + 0.44% I1D/g), H1975 (1.05 £ 0.09% ID/g) and PC14 (0.90
+0.11% ID/g). This suggests [*®F]PEG6-IPQA binds specifically to the EGFR L858R mutation
[21].

In an in vivo blocking study, [*®F]PEG6-IPQA against tumors with the addition of
gefitinib as an inhibitor caused the accumulation of H3255 in tumors to decrease by 50% to
1.38 + 0.43% ID/g. This suggests that gefitinib significantly inhibited [**F]PEG6-IPQA
accumulation against H3255 cells. Meanwhile, the accumulation of radiotracer in H441
tumors, which are EGFR WT, did not decrease significantly (1.58 + 0.43% ID/g) after
pretreatment with gefitinib. Based on these data, it can be concluded that [*®F]PEG6-IPQA has
a high sensitivity to H3255, which is EGFR L858R [21].

Quantitative autoradiography (QAR) demonstrated a preference for accumulation of
[*®F]PEG6-IPQA in an adequate portion of H3255 tumor xenografts (3.01 + 0.84% ID/g). In
contrast, no specific accumulation of [**F]JPEG6-IPQA was observed in necrotic tumor areas.
Radiotracer accumulation in H441 tumors (2.53 + 0.15% ID/g) was lower than in H3255
xenografts, whereas in H1975 tumors (1.27 = 0.12% ID/g) and PC14 (1.54 £ 0.14% ID/qg),
significantly lower. Pretreatment with gefitinib (Iressa®) resulted in a four-fold decrease in
radiotracer accumulation in H3255 tumors (0.92 + 0.13% ID/g; P < 0.05) and a three-fold
decrease in H3255 tumors. H441 (0.78 £ 0.06% ID/g; P < 0.05). In contrast to the accumulation
of radiotracer on H1975 (1.05 + 0.01% ID/g) and PC14 (1.17 + 0.10 ID/g), there was no
significant difference in accumulation after treatment with gefitinib (Iressa®) [21].

2.2. [V Imorpholino-IPQA.

The accumulation of [4-(3-[***I]iodoani-lino)-quinazolin-6-yl]-amide-(3-morpholin-4-
yl-propyl)-amide ([***IJmorpholino-IPQA) at 10 min in all four types of NSCLC was fast and
after that reached a plateau at 60 min. The cell-to-medium ratio (CMR) of [***IJmorpholino-
IPQA in L858R (3.12 + 0.304) was approximately 2-fold higher than that of E746-A750 (1.57
+ 0.17) and WT H1299 cells transfected (1.47 = 0.001) [26].

Loss of [**1Jmorpholino-IPQA accumulation in L858R and E746-A750 cells can be
characterized by a fast washout, followed by a plateau, with a slow but slight decrease. In
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contrast, H1299 cells transfected with WT EGFR showed a consistent decrease in CMR over
time. Furthermore, the washout study at 120 min showed higher radiotracer retention in L858R
(8.9 +£0.2 CMR) and E746-A750 del cells (12.6 + 3.2 CMR) than in EGFR-transfected H1299
(5.7 £ 0.4 CMR) and vector-transfected H1299 (6.6 + 0.3 CMR) [26].

In vivo PET imaging was performed on 18 mice (6 per tumor pair) before and after
treatment with gefitinib (Iressa®). Evaluation using Micro PET showed that the highest
radiotracer accumulation was observed in the L858R tumor xenograft at 24 hours after
administration. Accumulation in L858R cells was 1.23-, 2.36-, and 3.08-fold higher than that
of E746-A750 del, WT EGFR-transfected, and vector-transfected tumor xenografts in the
initial group, respectively. Pretreatment with gefitinib (Iressa®, 100 mg/kg) 1 hour before
administration of [*2*IJmorpholino-IPQA resulted in a decrease in radiotracer accumulation in
L858R and del E746-A750 tumors by 53% and 38%. In contrast, radiotracer accumulation in
EGFR-transfected and WT vector-transfected tumor xenografts before and after gefitinib
(Iressa®) treatment was unchanged [26].

The results of the biodistribution evaluation of [**!IJmorpholino-IPQA showed high
accumulation in the pancreas, kidney, stomach, lung, liver, and small and large intestines in
the first hour after radiotracer injection. In contrast, blood, heart, liver, and spleen showed
redistribution 24 hours after [***]Jmorpholino-IPQA administration. The excretion pattern of
this radiotracer is through hepatobiliary clearance followed by a rapid increase in radioactivity
in the blood and subsequent renal excretion. Radiotracer accumulation in the four tumor types
had peak radioactivity concentrations in the first hour and gradually decreased over time.
Nonetheless, the radiotracer retention in the L858R xenograft tumor was longer than in the
other tumors [26].

The tumor-to-blood (T/B) and tumor-to-muscle (T/M) ratios were not distinguishable
among four tumor xenografts up to 24 hours after radiotracer injection. The T/B and T/M ratios
in L858R tumor xenograft 24 hours after radiotracer injection were 2.64 and 13.89,
respectively. The E746-A750 del tumor xenograft had a similar T/B and T/M ratio compared
to the L858R group. The L858R tumor xenograft also had a better tumor-to-vector (T/V) ratio
24 hours after radiotracer administration than the other 2 xenografts [26].

In conclusion, an enhanced binding of [**¥*?|Jmorpholino-IPQA derivatives to the
ATP binding site of mutant kinase of L858R or E746-A750 del EGFR mutant warrants that
PET imaging with [*2*IJmorpholino-IPQA has a potential for identification of tumors with high
EGFR kinase activity in NSCLC and the monitoring or selection of individual therapies with
EGFR inhibitors. Further optimization of this radio compound class would be necessary to
lower lipophilicity and reduce hepatobiliary clearance [26].

2.3. [“S1]PHY.

In A431-bearing mice, the biodistribution of radioiodinated 4-(3-iodo-phenoxy)-6,7-
diethoxy-quinazoline ([**®*I]PHY) at 1 hour post-injection revealed high accumulation in the
intestine (30.6%ID/g) and moderate radiotracer accumulation in the liver (3.3%ID/g) and
stomach (4.6%ID/g). Besides, there was low radioactivity uptake in other normal tissues. The
radiotracer accumulation in blood, lung, and brain is low, resulting in relatively high T/B and
T/L ratios. This shows that radioiodinated PHY can be used to image lung and brain cancers
[27].
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Although gefitinib sensitivity in A431 was 10-fold higher than in A549, and western
blotting demonstrated extensive EGFR expression in A431 when compared to A548,
radiotracer accumulation in A431 was only 1.5-fold more than in A549. The radiotracer
accumulation at 1-hour post-injection in tumor A431 (1.56%ID/g) was similar to that of A549
(1.04%I1D/g), H1650 (1.31%ID/g), H1975 (0.94%ID/g), and H3255 (2.04%ID/g). The
radiotracer accumulated in some tumors due to the nonspecific binding of [*®I]PHY. The
radiotracer accumulation in A431, H1650, and H3255 showed good tumor-to-lung (T/L) ratios
at 1-hour post-injection [27].

They are blocking the study by an excess dose of gefitinib reduced [*?*I]PHY uptake in
A431 up to 52% (from 0.50%ID/g to 0.26%ID/g). Therefore, reducing nonspecific binding
would allow for a more precise estimation of EGFR expression [27].

Although EGFR expression levels are insufficient to predict treatment with EGFR-TK
inhibitors, EGFR overexpression in tumors is a need for EGFR-targeted therapy. Our findings
imply that radioiodinated PHY is a promising imaging agent for detecting EGFR expression
levels as a first screening marker, but further molecule development is required to predict
gefitinib sensitivity [27] appropriately.

2.4. [*C]erlotinib and [*®F]afatinib.

PET imaging was used with both tracers in all three xenograft models to see if the
irreversible inhibitor improved tumor targeting. The mice were transplanted with a single tumor
on the left flank to create an appropriate location for the background tissue. In this way, the
animal's right flank functioned as a reference location because the contralateral tissue was
identical except for the absence of tumor cells. The tumor and the background were manually
delineated using an extra [*®F]JFDG scan done immediately after the TKI-PET scan. As a
quantitative measure of uptake, these PET scans can be used to calculate the percentage of
injected dose per gram of tissue [28].

Both tracers exhibit high uptake in the liver and kidneys, which is typical for V-
administered small molecular PET tracers because these organs represent the principal
excretion and catabolism routes. The most noticeable difference between the two tracers is that
[1!Clerlotinib has much slower kinetics than [®F]afatinib, regardless of the xenograft line
tested [28].

Actually, [**Clerlotinib (reversible inhibitor) reaches its maximum uptake in the tumor
(HCC827) at 25 minutes of 3.2 0.3%ID/g PI, whereas [*®FJafatinib (irreversible inhibitor)
activity concentration in the tumor (HCC827) is already at 1.2 0.2%ID/g at 10 minutes post-
injection, indicating faster kinetics and/or clearance. Compared to [*8F]afatinib, this resulted in
a greater activity concentration in all tissues of interest (tumor and background). With their
distinct mutational state, the tracers appear to have a comparable uptake pattern across the
numerous xenograft lines regarding general imaging features. [*'Clerlotinib does not
accumulate selectively in xenografts expressing WT EGFR (A549) [28].

There was no selective absorption of either radiotracer in the double mutant xenografts
(H1975) with a sensitizing mutation (L858R) and an acquired resistance mutation (T790M).
This conclusion is consistent with erlotinib's effectiveness, as it has no therapeutic impact in
this xenograft model. However, afatinib reduced tumor growth rate in H1975 xenografts
modestly, but there was no significant tumor uptake of [*®F]afatinib [28].

[!Clerlotinib and [*8F]afatinib exhibit the greatest absorption in HCC827 xenografts.
The T/B ratio of [*®F]afatinib is slightly higher than that of [!C]erlotinib. This study reveals
https://biointerfaceresearch.com/ 6 of 15
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TKI-PET's capacity to effectively image TKI uptake in these tumors. In the HCC827 xenograft
line, PET imaging was performed with co-injection of unlabeled afatinib (100 to 6,000 ng)
with the tracer. With an additional excess dose of afatinib, the radiotracer accumulation was
inhibited to the background level [28].

The [*C]erlotinib uptake was undetected in the WT xenograft line (A549), but
[‘®F]afatinib uptake was minimal. This could be owing to changes in retention caused by
biophysical differences between the two tracers, [*8F]afatinib's ability to bind covalently to
additional targets (HER2 and ERBBA4 in addition to EGFR), or differences in affinity for efflux
transporters. An imaging investigation was conducted in the presence of an efflux transporter
inhibitor to understand better the role of P-gp in PET tracer uptake [28].

TKI-PET tracers [!Clerlotinib and [*®F]afatinib are helpful for imaging treatment-
sensitive xenografts with EGFR exon 19 deletion mutations. The good T/B ratio could be
employed in clinical decision-making for both tracers. The difference between a reversible and
irreversible inhibitor could not be proven in a conventional PET imaging scenario since both
tracers displayed similar tumor uptake kinetics [28].

2.5. [1'C]PD153035.

The experiment used logarithmic phase cells to quantify the radiotracer version of 4-N-
(3-bromoanilino)26,7-dimethoxyquinazoline ([*'C]PD153035) uptake. The ['C]PD153035
was accumulated faster and earlier in HCC827 than the other cell lines (P = 0.05). The
radioactive uptake showed an attenuation tendency, and there were substantial differences in
g-cell counts at different incubation times. The [1!C]PD153035 uptake of PC9 and A549 cells
was unimodal; after 25 minutes of incubation, the highest g-cell counts observed were larger
in PC9 cells than in A549 cells, and the curves steadily deteriorated. The H1975 cells had the
lowest [*1C]PD153035 absorption, which varied minimally depending on incubation time [29].

The blocking study used various doses of erlotinib and cetuximab that were pretreated
for 2 hours before cells in each group were cultured with [*C]PD153035 for 20 minutes. When
co-incubated with erlotinib, the accumulation of [**C]PD153035 in HCC827 and PC9 cells
dropped significantly but remained unchanged when co-incubated with cetuximab. The
accumulation of [1!C]PD153035 in A549 cells dropped slightly when co-incubated with
various doses of erlotinib but remained unchanged when co-incubated with cetuximab. There
was no significant difference in [*C]PD153035 accumulation by H1975 cells after co-
incubation with various dosages of erlotinib and cetuximab [29].

The xenograft's features on PET/CT imaging showed that HCC827 xenografts revealed
radioactivity 5 minutes after injection of [1!C]PD153035, which remained reasonably high
throughout the scanning process. Radioactive accumulation was lower in PC9 xenografts than
in HCCB827 xenografts (P = 0.05). The radioactive uptake in the A549 and H1975 xenografts
was much lower than in the HCC827 xenografts [29].

2.6. [*8F]IRS.

The radiotracer N- (3- chloro- 4- fluorophenyl)- 7- [2- (2- {2- [2- (fluoro-
[*8F])ethoxy]ethoxy}ethoxy)ethoxy]-6-(3-morpholinopropoxy)Quinazolin-4-amine ([*®F]IRS)
is a radiotracer that is produced in steps and labeled with fluor-18 radionuclide. The chemical
purity of [®F]IRS was determined by HPLC, with a radiotracer purity of greater than 98.5%.
Several assays were then performed to determine the activity of [*8F]IRS on target cells [30].
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Cell uptake and efflux assays were performed on four NSCLC cells: HCC827, H1975,
H358, and H520. HCC827 cells accumulated substantially more [*8F]IRS than the other three
cells. The maximum uptake of [*F]IRS in HCC827 cells was reported two hours after
incubation, reaching 19.07+0.70%. Even two hours after incubation, the accumulation of
[*®F]IRS remained at 4.10 + 1.06% of the total radioactivity input, which was much larger than
the other three cells in the efflux research. According to the findings of the two experiments,
[*8F]IRS binds selectively to EGFR L858R [30].

The biodistribution evaluation showed that the highest level of radiotracer [®F]IRS in
the liver after 30 minutes was 2.12 + 0.60%ID/g. The accumulation of radiotracer in the kidney
reached the greatest value of 6.86 + 2.81%ID/g, indicating that most of the [*F]IRS radiotracer
is eliminated in the urine. Meanwhile, the accumulation of [*®F]IRS radiotracer in the lungs
after 30 minutes was only 1.90 + 0.31%ID/g. In this scenario, the accumulation is beneficial
for PET/CT imaging in NSCLC since it does not interfere with viewing the lung area.
According to the research findings, [*®F]IRS is highly selective for EGFR-TKI, particularly
EGFR L858R [30].

2.7. [®"Tc]HYNIC-MPG.

The  2-{2-(2-[2-{4-(3-chloro-4-  fluorophenylamino)-  6-methoxyquinazolin-7-
yloxy}ethoxy]ethoxy)ethoxy} ethyl-6-hydrazinylInicotinate hydrochloride ([**™Tc]HYNIC-
MPG) cell uptake and efflux study was performed on four NSCLC cells that differed in their
EGFR overexpression. Accumulation in PC9 cells was the highest of all cells. The maximum
accumulation of [*™Tc]HYNIC-MPG in PC9 cells was seen two hours after incubation,
reaching 22.73 + 1.63%. The addition of PD153035 prevented the accumulation of
[**"Tc]HYNIC-MPG in PC9 cells, and the uptake of [*"Tc]HYNIC-MPG dropped from 22.73
+ 1.63% to 4.89 % 0.08%, with no change in the other three NSCLC cells. This implies that
[*®*"Tc]HYNIC-MPG selectively binds to the EGFR exon 19 deletion mutant. [*™Tc]HYNIC-
MPG retained well in PC9 cells at 6.16 + 0.28% after two hours of incubation in cell efflux,
which was significantly higher than in cells H1975, H358, and H520. This shows that
[*®*™Tc]HYNIC-MPG can be utilized to track EGFR mutation status processes at the cellular
level throughout time [31].

The radiotracer accumulated highest in PC9 cells at 2 h after injection compared to
H1975, H358, and H520 cells in the ex vivo biodistribution experiment. This is consistent with
SPECT imaging, which demonstrates clear visualization of PC9 cells. The liver has the highest
accumulation of [®™TcJHYNIC-MPG since it is the body's primary metabolism site.
Meanwhile, [*™"Tc]HYNIC-MPG accumulation in the brain was very low for all cancers,
showing that [**™Tc]HYNIC-MPG did not cross the blood-brain barrier [31].

Based on the findings, it is reasonable to conclude that the selectivity of [**"Tc]HYNIC-
MPG is considerably higher in PC9 cells, implying that [**"Tc]HYNIC-MPG can be utilized
to identify NSCLC tumors with high EGFR L858R potential [31].

2.8. [18F]APP-L1.

Cell uptake study of [*®F]APP-1 on two NSCLC cells (H3255 and H1975) showed that
the radiotracer uptake in H3255 cells was 2-fold higher than that of H1975 cells. Blocking
study with the addition of Osimertinib exhibited that the uptake of H3255 cells reduced from
104+8.6% dose/mg protein to 46.8+7.6% dose/mg protein, while the uptake of H1975 cells
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remained consistent. These findings suggest that [*3FJAPP-1 can bind selectively to the EGFR
L858R mutation [32].

The biodistribution of [*®F]APP-1 in H3255 tumor carrier rats revealed that the intestine
accumulated the most, with the small intestine accumulating 44.94% ID/g 1 hour after injection
and the large intestine accumulating 59.65% ID/g 3 hours after injection and excreted over
time. The radiotracer accumulation in bone was low. As a result, [*®F]APP-1 was stable in vivo.
The accumulation of [*®FJAPP-1 in tumors remained at least 3 hours (3.62% ID/g at 1 hour,
3.80% ID/g at 3 hours) [32].

In vivo blocking study using AZD9291 effectively reduced [*¥F]JAPP-1 accumulation
in H3255 tumors (54% reduction) at 3 h post-injection. In contrast, excess AZD9291 did not
prevent accumulation in H1975 tumors. These findings are consistent with the cell uptake
studies. These findings demonstrate that [*3F]APP-1 binds selectively to L858R mutant EGFR-
TK but not to L858R/ T790M mutant EGFR-TK in mice with mutant-EGFR-TK tumors [32].

PET imaging with the radiotracer [*®FJAPP-1 on mice with H3255 and H1975 tumors.
The visualization findings obtained on H3255 tumors were clearer than those obtained on
H1975 after 3 hours of radiotracer administration. In addition, after picture acquisition, we
evaluated the radioactivity in each organ and tissue and estimated the tumor-to-tissue (T/T)
ratio. The radioactivity ratio in H3255, T/B (3.12), T/M (6.80), and T/L (3.25) is much better
than the radioactivity ratio in H1975; T/B (0.74), T/M (2.95) and T/L (0.74). These findings
suggest that [*®FJAPP-1 can be used as an imaging probe to target the L858R mutant EGFR
[32].

2.9. [*F]FTP2.

The [*®F]FTP2 cell uptake was evaluated using two NSCLC cells, H3255 and H1975.
The [*®F]FTP2 uptake in H3255 cells was 32.5 + 2.0% ID/mg protein. Radiotracer
accumulation in H3255 cells is almost 3-fold higher than that of H1975 cells, with only 9.51 +
0.6% ID/mg protein. In vitro blocking assays using excess dose of gefitinib revealed that
radiotracer accumulation was reduced by 50% in H3225 cells but not in H1975 cells. This
suggests that [*®F]JFTP2 binds specifically to EGFR L858R and not EGFR L858R/T790M
against H3255 cells [10].

The [*®F]FTP2 biodistribution test in rats revealed that [*®F]JFTP2 accumulation reached
2.5+ 0.3% ID/g in H3225 cells but only 0.9 £ 0.1% ID/g in H1975 cells, which was 2.7 times
lower than in H3225 cells. Because FTP2 has a hydrophobic structure, it accumulates in tissues
other than tumor cells. The addition of gefitinib as an inhibitor reduced [“®F]FTP2
accumulation in H3225 cells by 37% but not in H1975 cells. These results are consistent with
those of the in vitro uptake study [10].

The visualization results of PET imaging on H3225 cells were clearer than those on
H1975 cells. These findings corroborate previous research on cell uptake and inhibition with
gefitinib, implying that the radiotracer [*3F]FTP2 binds with high affinity and is selective for
EGFR with the L858R mutation [10].

2.10. [*F]MPG.

The polyethylene glycol (PEG)-modified (PEGylated) anilinoquinazoline derivative,
[2-{ 2-( 2- [2-{ 4-( 3- chloro- 4- fluorophenylamino) -6- methoxyquinazolin- 7-
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yl}oxy]ethoxy)ethoxy}ethoxy]ethyl 4-methylbenzenesulfonate (T-MPG) was labeled with
[*8F]F using a simple one-step method to generate the [*®F]MPG radiotracer [33].

The radiotracer uptake experiment revealed that HCC827 cells had much higher cell
uptake than H1975, H520, and H358 cells. Furthermore, HCC827 cells treated with gefitinib
accumulated 90% less 18F-MPG than cells not treated with gefitinib. [**FJMPG and gefitinib
compete for binding to the cell's EGFR receptor. This demonstrates that [*®FJMPG inhibits
EGFR E746-A750del more selectively than EGFR L858R/T790M and EGFR WT [33].

PET imaging revealed that HCC827 tumors accumulated more [*®F]MPG than H1975,
H520, or H358 cells. The maximum accumulation of [*®F]MPG in HCC827 tumors was 7.22
+ 0.28% ID/g, whereas tumors H1975, H520, and H358 had significantly lower accumulations
of 3.93 + 0.44% ID/g, 3.59 + 0.93% ID/g, and 4.11 + 0.46% ID/g, respectively [33].

The effective dose of [*®F]MPG radiotracer for humans is predicted to be around 6.3 +
2.27 SvIMB(q, which is comparable to the effective dose of other 18F-labeled diagnostic
radiotracers, such as 19.0 Sv/MBq for [*®F]FDG. As a result, the use of the [*’F]MPG
radiotracer as a tracer in PET imaging for humans is deemed safe [33].

Several [!8F]JMPG selectivity assays revealed that the compound was selective for
HCC827 tumors (EGFR E746-A750del). [*®FIMPG PET/CT is a promising non-invasive
approach for identifying patients who are responsive to EGFR-TKI therapy and monitoring its
efficacy [33].

2.11. 6-O-[**F]FEE.

The kinetics of radioactivity distribution in NSCLC tumor-bearing mice were studied
for 1 hour after intravenous injection of 6-O-[**F]FEE. TACs show two to threefold higher
radioactivity concentrations in HCC827 tumors than NCI-H1975 and QG56 tumors, with mean
SUVs of 1.0, 0.5, and 0.3 after 60 minutes after injection. Furthermore, radioactivity was
preserved in HCC827 and NCI-H1975 tumors after initial accumulation, but QG56 tumors
showed a steady reduction in radioactivity concentration [34].

To determine if the accumulation of radioactivity in HCC827 and NCI1-H1975 tumors
was selective, tumor-bearing mice were given erlotinib in excess (6.4 0.4 mg/kg) 3-10 minutes
before 6-O-[®F]FEE injection. Although the difference was not statistically significant, pre-
administration of erlotinib resulted in a nearly twofold reduction in HCC827 tumor uptake after
60 minutes following 6-O-[*®F]FEE injection (mean SUVs of 1.04 and 0.55). In contrast,
radioactivity concentrations in NCI-H1975 tumors increased following erlotinib pre-injection,
from 0.5 to 0.7 at 60 minutes after 6-O-[*8F]FEE injection [34].

The primary route of 6-O-[*F]FEE elimination was hepatobiliary clearance. The
metabolic fate of 6-O-[*®F]JFEE was investigated 2, 15, and 30 minutes after injection into
BALB/c mice. To that purpose, mice were slaughtered at the designated periods following
injection, after which blood and urine samples were collected, and the entire liver was excised.
The percentages of extracted radioactivity from the blood and liver at each time point revealed
constant levels of 49 + 14% and 84 + 2% extraction from the blood and liver, respectively, for
the three examined time points [34].

The radiotracer has potency and selectivity properties similar to erlotinib against
various types of EGFR. The results obtained after injecting 6-O-[*®F]FEE into NSCLC tumor-
bearing mice show that this radiopharmaceutical is capable of distinguishing tumors harboring
the WT receptor from those harboring an exon 19 deletion mutation or the double
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L858R/T790M mutation, indicating that more clinical studies are needed to characterize the
full potential of this compound for PET MI of the EGFR in NSCLC patients [34].

2.12. [*'C]osimertinib

The ex vivo biodistribution of methylindole-[*'Closimertinib and dimethylamine-
[1!CJosimertinib in female nu/nu mice carrying A549 tumors was examined at 5, 15, and 45
minutes post-injection. Both methylindole-[*'C]- and dimethylamine-[*!C]osimertinib showed
rapid clearance of radioactivity in blood, with 1.23 + 0.27%ID/g and 0.76 + 0.10%ID/g
accumulation after 45 minutes post-injection, respectively. Both tracers had a similar
distribution pattern, as well as organ uptake and retention. Both tracers showed high uptake in
the brain, with 5.94 + 1.79%ID/g for methylindole-[*'CJosimertinib and 5.46 + 2.53%ID/g for
dimethylamine-[*!CJosimertinib at 5 minutes post injection [35].

At all-time points, high uptake was found in the kidneys and liver. At 45 minutes after
injection, high uptake was also detected in the lungs (17.88 £ 1.45%ID/g for methylindole-
[1!CJosimertinib and 27.42 + 7.19%ID/g for dimethylamine- [*1CJosimertinib). The lungs may
operate as slow-release mechanisms for both tracers after the initial high uptake, altering
pharmacokinetics and explaining the increasing uptake in time in tumor, skin, and muscle
organs expressing EGFR [26]. The high lung uptake may limit the clinical application of the
PET tracers [35].

Both tracers enhanced tumor uptake over time, resulting in a statistically significant (P
= 0.0072) higher tumor uptake of 1.90 + 0.27%ID/g for methylindole-[*!CJosimertinib at 45
minutes compared to 1.54 + 0.19%ID/g for dimethylamine-[*!C]osimertinib. However, the T/B
ratio was lower for methylindole-[**CJosimertinib (1.58 + 0.24 vs. 2.02 + 0.16, P = 0.0007),
which is most likely due to the higher concentration in blood as a result of methylindole-
[*!Closimertinib release from the lungs, which is higher compared to dimethylamine-
[1!CJosimertinib. The T/M ratio was considerably greater 45 minutes after methylindole-
[**CJosimertinib injection compared to dimethylamine-[*'CJosimertinib (1.17 + 0.15 vs. 0.91
+0.16, P = 0.0042), indicating that the release of methylindole-[*'C]osimertinib from the lungs
had less influence [35].

HCC827 xenografted mice were subjected to two 45-minute dynamic PET scans with
both tracers in the same animal, with a full day of rest in between. Both tracers demonstrated
equivalent tumor uptake by PET/CT, as validated by an ex vivo biodistribution 45 minutes after
injection. The T/M ratio was higher for methylindole-[*C]osimertinib, similar to what was
reported in A549 xenografted mice, whereas the T/B ratio was higher for dimethylamine-
[1!C]Osimertinib [35].

Despite having a higher uptake in A549, methylindole-[*!CJosimertinib is somewhat
favored as a tracer over dimethylamine-[*'CJosimertinib regarding absolute tumor uptake and
T/M ratio. More notably, methylindole-[**C]osimertinib demonstrated decreased lung uptake
45 minutes after injection, which is advantageous because the tracer would be utilized to assess
lung cancers in a clinical context. Based on these findings, methylindole-[*'CJosimertinib was
chosen for future testing [35].

PET/CT blocking tests with methylindole-[**C]osimertinib were carried out in HCC827
xenografted. Following a 24-hour recovery time after establishing a baseline, the mice were
given 15 mg/kg osimertinib an hour before the second PET/CT. There was no statistically
significant difference between the time-activity curves. The selectivity of tumor uptake was
assessed by pretreatment of the mice with afatinib. HCC827 xenografted mice were treated
https://biointerfaceresearch.com/ 11 of 15
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with a baseline PET scan, followed by a 24-hour recovery period before administration with
afatinib (15 mg/kg). The time-activity curves did not indicate a statistically significant
difference after afatinib pretreatment [35].

Within 1 to 2 hours of incubation, methylindole-[*H]osimertinib accumulation reached
a plateau in all three cell lines. After that, methylindole-[3H]osimertinib retention was
evaluated by removing and replacing the medium containing methylindole-[3H]osimertinib
with a medium. When the uptake and retention patterns were compared, it was discovered that
the negative control cell line, A549, maintained two-thirds of the radioactivity even after a
medium change, indicating that a large fraction was bound or trapped in the cells. Because the
A549 cell expresses WT EGFR, it is unknown why A549 cells retain methylindole-[>H]
osimertinib so well. However, the observed lack of selective absorption of both carbon-11
labeled tracers in vivo is most likely explained by the strong non-selective uptake of
methylindole-[*H]Osimertinib [35].

The EGFR PET tracers methylindole-[*'Closimertinib and dimethylamine-
[1!CJosimertinib were effectively tagged in two places using carbon-11. Ex vivo and in vivo
investigations validated uptake and retention of activity in three NSCLC xenografts: A549
expressing WT EGFR, HCC827 expressing Dell9 mutant EGFR, and H1975 expressing
T790M mutated EGFR. Although methylindole-[*!CJosimertinib did not distinguish between
H1975 and A549, it did distinguish between Dell9 mutant EGFR expressing HCC827 and
A549 based on T/M ratios [35].

3. Discussion

In this study, we have summarized some of the most noteworthy discoveries about
small compounds created as radiotracers for imaging EGFR Del19 and L858R. Most of the
studies in this evaluation assessed tracers based on their ability to distinguish tumors based on
EGFR expression or mutational status. In several studies, some cell lines have been used for
either purpose.

Several types of NSCLC cancer cell lines are used in the cellular uptake study, as shown
in Table 1. The overexpression of EGFR differentiates each cell. For all the articles reviewed,
just one cell, H3255, was employed to evaluate radiotracer accumulation toward EGFR L858R.
Meanwhile, three cell lines were used to study EGFR Del19, namely H1650, PC9, and
HCC827. Six cell lines expressing EGFR WT were used as a negative control. The different
cell lines employed in each investigation make comprehensive accumulation comparisons
challenging. As a result, we write down the existing cellular accumulation study findings in
this review without comparing them.

Many studies have used blocking tests to demonstrate the tracer's specificity. Self-
blocking has become a popular technique. However, this is an unfavorable method because
self-blocking will not demonstrate affinity for another kinase because the cold chemical will
also block these off-target receptors [36-38]. To decrease the chance of the chemical occupying
the same off-target kinases, it is advisable to use a separate TKI to inhibit the EGFR.

Mice are commonly employed in preclinical testing of small molecule radiotracers
[39,40]. A significant variation in radioactivity concentration was reported in the ex vivo
biodistribution research between male ddY mice and female BALB/C nu/nu mice. It was not
stated whether this was due to mouse strain or sex. Because sex can influence xenobiotics'
pharmacokinetics, metabolism, and bioavailability, investigations must account for this [41-
43].
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4. Conclusions

Some radiolabeled imaging probes targeting EGFR Del19 and L858R active mutants
were identified. These radiolabeled small molecules were created and fundamentally evaluated
in vitro and in vivo. Compared to the wild-type, several radiolabeled probes accumulated
preference toward EGFR Del19 and L858R. However, the summary report indicates that these
probes must be structurally modified to increase imaging contrast for clinical research.
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