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A PET imaging approach for determining EGFR
mutation status for improved lung cancer
patient management

Xilin Sun,”?3 Zunyu Xiao," Gongyan Chen,”* Zhaoguo Han,’ Yang Liu,' Chongqing Zhang,'
Yingying Sun,” Yan Song,’ Kai Wang,"? Fang Fang,? Xiance Wang,' Yanhong Lin,’ Lili Xu,’
Liming Shao,’ Jin Li,® Zhen Cheng,3* Sanjiv Sam Gambhir,3* Baozhong Shen'%*

Tumor heterogeneity and changes in epidermal growth factor receptor (EGFR) mutation status over time challenge
the design of effective EGFR tyrosine kinase inhibitor (TKI) treatment strategies for non-small cell lung cancer
(NSCLC). Therefore, there is an urgent need to develop techniques for comprehensive tumor EGFR profiling in real
time, particularly in lung cancer precision medicine trials. We report a positron emission tomography (PET) tracer,
N-(3-chloro-4-fluorophenyl)-7-(2-(2-(2-(2-'8F-fluoroethoxy) ethoxy) ethoxy) ethoxy)-6-methoxyquinazolin-4-amine
(*®F-MPG), with high specificity to activating EGFR mutant kinase. We evaluate the feasibility of using '®F-MPG PET
for noninvasive imaging and quantification of EGFR-activating mutation status in preclinical models of NSCLC
and in patients with primary and metastatic NSCLC tumors. "®F-MPG PET in NSCLC animal models showed a sig-
nificant correlation (R* = 0.9050) between '®F-MPG uptake and activating EGFR mutation status. In clinical studies
with NSCLC patients (n = 75), the concordance between the detection of EGFR activation by 18F-MPG PET/computed
tomography (CT) and tissue biopsy reached 84.29%. There was a greater response to EGFR-TKIs (81.58% versus
6.06%) and longer median progression-free survival (348 days versus 183 days) in NSCLC patients when 'F-MPG
PET/CT SUVhax (maximum standard uptake value) was >2.23 versus <2.23. Our study demonstrates that 8E_MPG
PET/CT is a powerful method for precise quantification of EGFR-activating mutation status in NSCLC patients, and
itis a promising strategy for noninvasively identifying patients sensitive to EGFR-TKIs and for monitoring the efficacy
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of EGFR-TKI therapy.

INTRODUCTION

Precision medicine is “an emerging approach for disease treatment
and prevention that takes into account individual variability in genes,
environment, and lifestyle for each person” (I). It is becoming a widely
recognized approach in the medical field. An important premise of
precision medicine is the classification of individuals into subpopula-
tions with different susceptibilities to disease based on genetic, mo-
lecular, or cellular profiles. Preventive or therapeutic interventions
can then be focused on those individuals who will benefit from them,
thereby sparing those who will not benefit from the expense and side
effects (2). In non-small cell lung cancer (NSCLC), precision medicine
is an attractive model for incorporating genomic features into clin-
ical trial design (3). A major shift in the approach to NSCLC treat-
ment occurred when it was recognized that tumor epidermal growth
factor receptor (EGFR) mutation status determines the effectiveness
of treatments with EGFR tyrosine kinase inhibitors (TKIs) (4). EGFR-
TKIs have since become a mainstay in the treatment of lung adenocar-
cinomas harboring sensitizing mutations within the EGFR gene (3-5).
The median survival for these patients is now greater than 2 years
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(6, 7), more than twice the survival of patients receiving only che-
motherapy (8). The most frequently detected alterations in the EGFR
tyrosine kinase domain (exon 19 E746-A750 deletion and exon 21
L858R point mutation) occur in 30 to 50% of Asian NSCLC patients
(9). In these patients, the overall rate of response to EGFR-TKIs is
as high as 80% compared to less than 10% in patients with wild-type
EGEFR (10). Thus, the estimation of EGFR mutation status is essential
for the identification of NSCLC patients who may benefit from treat-
ment with EGFR-TKIs and hence for the improvement of prognosis
and EGFR-TKI therapy efficacy.

Although several techniques are currently available to assess EGFR
mutation status, these methods require biopsied samples and can
often fail or have poor reproducibility because of insufficient material
for mutation analysis (less than 50% of biopsied samples). In addition,
intra- and intertumor heterogeneity over space and time makes it
even more challenging to assess EGFR mutation status and use that
information for designing effective EGFR-TKI-based therapeutic strat-
egies (11-14). Plasma samples have been used as surrogate tumor tis-
sue samples to detect EGFR mutation status in patients with NSCLC.
However, although this is a less invasive method for detecting ge-
netic alterations, several studies found inconsistencies between the
EGFR mutation status estimated from plasma and tumor DNA sam-
ples (15, 16). Moreover, plasma samples cannot address the issue of
expression heterogeneity in primary or metastatic tumors. Neither
biopsies nor plasma samples can provide precise anatomical infor-
mation such as size, shape, and position of NSCLC tumors, nor their
relationship with adjacent structures, although this information is
crucial for clinical therapy response evaluation and treatment plan
reaffirmation.
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Molecular imaging with positron emission tomography (PET)
shows potential for noninvasively detecting cancer biomarkers in
primary or metastatic tumors and therefore for identifying patients
who are likely to respond to specific treatments (17-21). The devel-
opment of such techniques could overcome the limitations of cur-
rent invasive methods, improve NSCLC diagnosis and therapeutic
outcome, and may play a role in translating precision medicine into
clinical practice (19). Here, we report the synthesis of a polyethylene
glycol (PEG)-modified (PEGylated) anilinoquinazoline derivative,
2-(2-(2-(2-(4-(3-chloro-4-fluorophenylamino)-6-methoxyquinazolin-
7-yl)oxy)ethoxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate
(T-MPG), based on the known EGFR-TKIPD153035 (22, 23). T-MPG
was then radiolabeled with '®F using a simple one-step method to
generate the tracer "*F-MPG. Furthermore, we evaluated the binding
specificity of '®F-MPG in NSCLC cultured cells and the feasibility of
using "®F-MPG PET for noninvasive imaging and quantification of
EGFR-activating mutation status in preclinical models of NSCLC.
Here, we present the first-in-human results demonstrating that non-
invasive imaging of EGFR-activating mutation status in primary and
metastatic tumors with *F-MPG PET/computed tomography (CT) is a
valid strategy for stratifying NSCLC patients for EGFR-TKI treatment.
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This strategy achieves (i) differentiating of tumor EGFR-activating
mutation status in vivo with noninvasive, whole-body PET imaging;
(ii) prediction of EGFR-TKI sensitivity/resistance and patient sur-
vival; and (iii) monitoring of the dynamic changes in EGFR muta-
tion status during therapy and guidance of precise treatment.

RESULTS

Chemistry and radiochemistry

To test the concept of using '*F-MPG PET/CT strategy for stratifying
NSCLC patients for EGFR-TKI treatment (Fig. 1A), we synthesized
'8E-MPG. The tosylate precursor T-MPG (compound 9) was prepared
by multistep organic synthesis. Nonradioactive F-MPG (compound
13) was also synthesized for use as a standard (fig. S$1)."*F-MPG was
then successfully prepared by a one-step radiofluorination process
through direct nucleophilic substitution of the tosylate precursor
T-MPG with '®F-fluoride (Fig. 1B and fig. S2A). At the end of the
purification, the radiochemical purity of "*F-MPG was >99%, its spe-
cific activity was ~125 gigabecquerel/umol, and the noncorrected ra-
diolabeling yield was >20% (1 = 6). "*F-MPG was eluted at a retention
time of 22.55 min.
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Fig. 1. Molecular imaging of EGFR-activating mutation status for stratification of patients. (A) Schematic of epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitors (TKIs) explaining the benefits to patients with non-small cell lung cancer (NSCLC) through a stratification strategy using '®F-MPG [N-(3-chloro-4-fluorophenyl)-7-
(2(2—(2—(2—18F—ﬂuoroethoxy) ethoxy) ethoxy) ethoxy)-6-methoxyquinazolin-4-amine] positron emission tomography (PET)/computed tomography (CT). "®E.MPG selectively
binds to tumors expressing the EGFR-activating mutation, such that PET/CT can qualitatively and quantitatively reveal the EGFR mutation expression of tumors. The
proposed concept can be eventually translated into clinical use. For patients with NSCLC, especially when the conventional EGFR mutation status test result is ambiguous
and biopsies are not feasible or are inconclusive, '®F-MPG PET/CT can serve as a noninvasive, repeatable technique to comprehensively monitoring intra- and intertumor
EGFR-activating mutation status in vivo. This strategy can be a valuable diagnostic tool to predict the EGFR-TKI sensitivity/resistance, survival, and guide precision EGFR-TKI
treatment. (B) Synthesis of '8F-MPG; reagents and conditions: K'8F/Kryptofix/dimethyl sulfoxide (DMSO), 120°C, 15 min, 23.79% radiochemical yield.
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Fig. 2. In vitro and preclinical study with "®F-MPG. (A) Quantitative uptake of '®F-
MPG in four NSCLC cell lines and pretreatment with gefitinib. Data are means + SD
of three independent experiments. **P < 0.01 versus line-matched '8F-MPG uptake
in HCC827 cells, Student’s t test. (B) The autoradiography and the same Western blot
membrane stained with E746-A750-specific antibody. A single 18_Jabeled protein
band corresponds to the predominant band of ~175 kDa. Graphs next to the blots show
densitometric quantification of autoradiogram band normalized to background. ***P <
0.001 versus HCC827. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (C) Decay-
corrected whole-body coronal PET images of HCC827, H1975, H520, and H358 tumor-
bearing mice at 30, 60, and 120 min after injection of 3.7 megabecquerels (MBg; 100 uCi)
of '8F-MPG (red arrows indicate the location of the tumors). % ID/g, percentage of in-
jected dose per gram. (D) Comparison of tumor/muscle ratios of '®F-MPG and "®F-FDG
at 60 min after injection of 3.7 MBq (100 uCi) of tracer in different tumor-bearing
mice (n = 6 per group) as measured by PET imaging. Data are means + SD. ***P <
0.001 versus line-matched '8F-MPG uptake in HCC827 cells, analysis of variance (ANOVA)
with the Newman-Keuls multiple comparison test. '8F-FDG uptake versus '®F-MPG
uptake in HCC827, ANOVA with the Newman-Keuls multiple comparison test.

In vivo metabolic stability analysis

The in vivo murine metabolic stability assays are shown in fig. S2 (B to
E). At 1 hour after injection, 86.84, 96.08, 80.20, and 96.65% of
8E_MPG remained in the tumor, plasma, liver, and urine, respectively.
These results demonstrated that '®F-MPG had excellent stability in
vivo, suggesting that this PET tracer is suitable for quantitative im-
aging of EGFR-activating mutations in vivo.

Characterization of NSCLC cell lines and xenografts in mice
Four NSCLC cell lines (HCC827, H1975, H358, and H520) were se-
lected to establish xenografts in mice to assess '*F-MPG PET ex vivo
and in vivo. HCC827 and H1975 xenografts both displayed a high
degree of EGFR and phosphorylated-EGFR (phospho-EGFR) im-
munoreactivity. In contrast, in H358 and H520, EGFR and phospho-
EGFR immunoreactivity was significantly lower or even undetectable
(fig. S3A). EGFR E746-A750del protein was only detectable in HCC827
xenografts by fluorescence staining, and it was undetectable in H1975,
H358, or H520 xenografts (fig. S3A). Total EGFR, phospho-EGFR, and
EGFR E746-A750del measured by Western blot further demonstrated
extensive EGFR activation in HCC827 and its derived xenografts
(fig. S3B). Biochemical assays showed that EGFR E746-A750del-
expressing HCC827 cells are most sensitive to gefitinib treatment
[half maximal inhibitory concentration (ICs) = 3.2 nM], whereas
H1975 cells (L858R/T790M EGFR) showed higher resistance to gefi-
tinib (ICso = 12.9 uM). Moreover, H358 and H520 with low EGFR
expression and phospho-EGEFR reactivity also exhibited high resis-
tance to gefitinib (ICso = 143.8 and 5.6 uM, respectively).

Preferential targeting of '®F-MPG in NSCLC cells with
EGFR-activating mutation
To visualize the interaction between **F-MPG and the EGFR (wild type,
19del-EGFR, and L858R/T790M double mutant) host binding site,
we performed molecular docking assays. F-MPG adopted a similar
conformation to PD153035 in the binding site (fig. S4). Key and strong
interactions remained between the F-MPG quinazoline ring and the
surrounding residues, including Met’* and Lys”* in 19del-EGFR. No
strong interactions were detected in wild-type and double-mutant EGFR,
whereas different orientations of the 4-PEG side chain were observed.
In vitro biochemical assays were performed to compare the affin-
ity of F-MPG to different EGFR mutants. F-MPG has a 4865-, 2296-,
and 2908-fold increased inhibitory activity for EGFR E746-A750del
cells when compared to EGFR L858R/T790M, EGFR-negative, or EGFR
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Fig. 3. Study design and patient allocation. Seventy-five of 102 NSCLC patients
were divided into four groups according to EGFR mutation status by gene test re-
sult at baseline interview. All patients had participated in the "®F-MPG study, and
73 of 75 patients participated in both the '®F-MPG and '®F-FDG studies. A total of
71 patients received EGFR-TKIs and/or continued to be treated with EGFR-TKIs.

wild-type cells, respectively. These results showed that F-MPG ac-
tivity was much higher with EGFR-activating mutations than inac-
tive mutant EGFR. The IC5, of F-MPG in HCC827, H1975, H520,
and H358 was measured to be 0.0044 + 0.0011 uM, 21.41 + 1.6777 uM,
10.1027 £ 3.6062 puM, and 12.7970 + 7.4973 uM, respectively.

To assess targeting specificity of F-MPG analogs for EGFR-activating
mutations, HCC827, H1975, H520, and H358 cells were stained with
either QD620-conjugated MPG (QD620-MPG) or QD620 alone.
QD620-MPG showed abundant binding to HCC827 cells, significantly
less binding to H358 cells (P < 0.01), and no detectable binding to
H1975 or H520 cells (fig. S5A). The control probe, QD620, exhibited
minimum binding in all cell lines. Next, the binding specificity of
QD620-MPG to EGFR-activating mutations was evaluated. Preincu-
bation with gefitinib (100 uM) abrogated the uptake of QD620-MPG
to HCC827 cells (fig. S5B). Flow cytometry analysis confirmed the
results: A high fraction of HCC827 cells was labeled with QD620-
MPG, whereas a much lower amount of the probe was detected in
H1975, H520, or H358 cells (fig. S5C). Similarly, the control probe
QD620 failed to detect EGFR-activating mutation status.

In cell uptake assays, "*F-MPG displayed significantly higher cel-
lular uptake in HCC827 cells (P < 0.01) than in H1975, H520, and
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H358 cells at all time points. The maximal uptake of '*F-MPG oc-
curred at 2 hours in HCC827 cells, and it was about eightfold higher
than in other NSCLC cells. Moreover, HCC827 cells pretreated with
gefitinib showed ~90% lower '*F-MPG uptake than untreated cells
(Fig. 2A). Autoradiography confirmed this preferential and selective
binding of BE_MPG to the EGFR-activating mutant kinase (Fig. 2B).
The intensity of autoradiography bands in HCC827 cells (P < 0.001)
was significantly higher than in H520 and H358 cells, and it was barely
detectable in H1975 cells expressing EGFR L858R/T790M. The 175-kDa
protein bands also reacted with anti-EGFR (E746-A750) antibody
(Fig. 2B). These findings demonstrate that '*F-MPG had high speci-
ficity for EGFR-activating mutant NSCLC cells.

'8F-MPG differentiating EGFR-activating mutation status

in vivo

'8E_MPG was tested in subcutaneous xenografts of four different NSCLC
cell lines (n = 6 per group). PET imaging showed rapid and strong
accumulation of "*F-MPG in HCC827 tumor xenografts and, to a lesser
degree, in H1975, H520, and H358 tumor xenografts at all time points
examined (Fig. 2C and tables S1 to S3). BE_MPG accumulation at
60 min after intravenous injection reached 7.22 + 0.28% ID/g (per-
centage of injected dose per gram) in HCC827 tumors. In contrast,
8E-MPG accumulation was significantly lower in H1975, H520, and
H358 tumors, reaching 3.93 + 0.44% ID/g, 3.59 + 0.93% ID/g, and
4.11 £ 0.46% ID/g, respectively (table S2). Tumor-to-muscle (T/M)
ratio of "*F-MPG accumulation at 60 min after intravenous injection
reached 5.56 in HCC827 tumors and was 3.41, 2.65, and 3.47 times
higher than in H1975, H520, and H358 tumors, respectively (F3, 20 =
123.5, P < 0.0001; Fig. 2D). A comparison with **F-fluorodeoxyglucose
(*®F-FDG) further confirmed the in vivo EGFR-activating mutation
binding specificity of "*F-MPG. '*F-FDG showed higher T/M ratios
in all mice xenografts than '*F-MPG. Moreover, no statistically sig-
nificant difference was found between the T/M ratios of *F-FDG in
HCC827, H1975, H520, and H358 mice xenografts (F3 20 = 0.4199,
P =0.7407; Fig. 2D and table S4). Blocking assays with gefitinib pre-
treatment in HCC827 xenograft mice (n = 5 per group) resulted in
a twofold decrease in "*F-MPG accumulation in HCC827 tumors
in vivo (P < 0.01; fig. S6, A and B), confirming the targeting specificity
of ®F-MPG to EGFR-activating mutations.

In biodistribution experiments, mice bearing HCC827, H1975,
H358, and H520 xenografts (n = 6 per group) were injected with 0.925
megabecquerels (MBq) (25 uCi) of '®F-MPG and then sacrificed
30 min, 1 hour, or 2 hours after injection (tables S5 to S7). Consistent
with the PET imaging results, '*F-MPG uptake in HCC827 tumors
was significantly higher than in H1975, H520, or H358 tumors (F 2 =
93.27, P < 0.0001; fig. S6C). The T/M ratios of '*F-MPG calculated
from the biodistribution data were also significantly higher in HCC827
tumors than in H1975, H520, and H358 tumors (F3 59 = 31.89, P <
0.0001). Moreover, the T/M ratios of '*F-MPG in HCC827, H1975,
H358, and H520 quantified in the biodistribution study and by PET
imaging were comparable (tables S1 to S3 and S5 to S7). These results
indicated that '"®F-MPG selectively targeted human EGFR-activating
mutations with high specificity in vivo.

Patient safety and dosimetry of '®F-MPG from the
first-in-human study

8E_MPG was found to be safe and well tolerated in all NSCLC pa-
tients in this study. No serious adverse events (AEs) or discontinuations
due to AEs were reported in the course of this research. Moreover, no
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Table 1. Patient characteristics. CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; WT, wild type; AJCC, American Joint

Committee on Cancer.

EGFR exon 19
deletions

Characteristics Total

EGFR exon 21 point Unknown

mutations

EGFR (WT)

Patients, n (%) 75 17 (23%)

Ages (years)

Median

Smoking status

20 (27%) 33 (44%) 5 (6%)

60

Ever smoker 33 8

Never smoker 42 9

Stage (AJCC)

| 10 7

Il 3 1

1] 30 5

\% 32 4

Histology

o
N
iviwioio!

Adenocarcinoma 66 17

Squamous cell 9 0

carcinoma

"8 F-MPG PET/CT

SUVimax >2.23

SUVimax <2.23

PD 27 2

obvious changes in vital signs or clinical laboratory test results were
detected after "*F-MPG injection.

The highest organ dose (OD) values for BE_MPG were estimated
in the gallbladder, thyroid, bladder, and pancreas. The effective dose
of "*F-MPG for humans was estimated to be 6.3 + 2.27 uSv/MBq
(table S8) and well within the range of what has been known for
other '®F-labeled diagnostic radiotracers such as 19.0 uSv/MBq for
8E_FDG. Hence, the application of '*F-MPG as new PET imaging
agent in humans was considered to be safe.

'8F_-MPG PET/CT study in NSCLC patients

The potential of using "*F-MPG as a diagnostic tracer was examined
in NSCLC patients (n = 75; Fig. 3 and Table 1). One hour after in-
jection, '®F-MPG successfully delineated EGFR-activating mutant
tumors, showing visually appreciable higher contrast than EGFR wild-
type tumors (Fig. 4). The EGFR mutation status was confirmed by
histological and amplification refractory mutation system (ARMS)
polymerase chain reaction (PCR) (Fig. 5). In two patients with EGFR-
activating mutations (who did not receive EGFR-TKI treatment),
'8E-MPG PET/CT images showed high uptake not only in primary
tumors but also in metastatic lesions (Fig. 4B). In comparison, although
"E-FDG PET/CT showed high tumor uptake in all patient groups,

Sun etal., Sci. Transl. Med. 10, eaan8840 (2018) 7 March 2018

with no apparent visual difference among patients carrying differ-
ent EGFR mutation status (Fig. 4).

To further evaluate the feasibility of using '*F-MPG PET for im-
aging EGFR mutations in lung cancer patients, we compared the bio-
distribution characteristics of *F-MPG and "*F-FDG in every NSCLC
patient enrolled in this study (fig. S7 and table $9). We assessed '*F-MPG
and "®F-FDG uptake in the tumor, brain, lung, liver, gallbladder,
spleen, kidney, intestine, muscle, pancreas, heart, and blood (excep-
tions for patients 59 and 67 for ¥ F-FDG). Our results showed that
'8E-FDG had significantly higher uptake than '*F-MPG in the most
normal organs (fig. S7), including the brain (P < 0.0001), lung (P <
0.01), spleen (P < 0.0001), kidney (P < 0.0001), intestine (P < 0. 01),
heart (P < 0.0001), and blood (P < 0. 01). It was noted that *F-MPG
displayed higher uptake than **F-FDG in the gallbladder (P < 0.0001),
liver (P < 0.0001), and muscle (P < 0. 01).

Association between '®F-MPG uptake and EGFR

mutation status

8E-MPG accumulation in tumors and organs was further quantified
by measuring the regions of interests (ROIs) thrice and then calcu-
lating the mean SUV ,,,x (maximum standard uptake value) (tables S9
and S10). Considering patient groups 1 to 3 as independent categories,
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Soft tissue PET

Pulmonary

EGFR exon 19 deletion

O EGFRL858R point mutation

EGFR wild type

18F-FDG

18F-MPG

PET/CT PET PET/CT

Fig. 4. Representative CT and PET/CT images of three patients with NSCLCs. (A) Patient (number 3) with an EGFR exon 19 E746-A750 deletion who did not receive
EGFR-TKI treatment, with a tumor in the upper right lobe of the lung [red arrows; '®F-MPG SUV .x (maximum standard uptake value) of 3.93]. (B) Patient (number 36) with
an EGFR exon 21 L858R point mutation, 15 days after gefitinib treatment. Tumor in the upper right lung lobe (red arrows; 18E-MPG SUVnax Of 3.60) and spinal metastasis
(yellow arrows; 8E_MPG SUVmax Of 2.11) were observed both on '8E-MPG and 'éF-FDG images. (C) Patient (number 54) with wild-type EGFR who did not receive EGFR-TKI
treatment. Tumor in the left hilum (red arrows; '8F-MPG SUV,x of 1.38) was prominently observed on the 8F-MPG image.

the analysis of variance (ANOVA) with the Newman-Keuls multi-
ple comparison test confirmed that patients with EGFR-activating mu-
tations had significantly higher '*F-MPG mean SUV ., than those
with wild-type EGFR (F;, ¢; = 16.30, P < 0.0001; Fig. 6A). A small
decrease in 8 F-MPG uptake was observed in patients with EGFR-
activating mutations after EGFR-TKI treatment, but these differences
did not reach statistical significance. The mean SUV 4« values for
8E-FDG uptakes were significantly higher than "*F-MPG in all groups
(table S10); however, no associations were found between EGFR mu-
tation status and '*F-FDG uptake (F,, ¢5 = 0.3036, P = 0.7392; Fig. 6B).
Moreover, no association was found between "*F-MPG uptake and
EGEFR exon 19 deletion or EGFR 21 point mutation (P = 0.8486; Fig. 6C).

The receiver operating characteristic (ROC) curve obtained from
comparing EGFR mutation status with SUV .« yielded an area un-
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der the curve (AUC) of 0.8440 [95% confidence interval (CI), 0.7476 to
0.9404; Fig. 6D]. When an SUV ,x of 2.23 was used to discriminate
EGFR-activating mutant tumors (pre-TKIs and post-TKIs) and EGFR
wild-type tumors, the sensitivity and specificity of the model were
86.49% (95% CI, 71.23 to 95.46%) and 81.82% (95% CI, 64.54 to
93.02%), respectively. A concordance of 84.29% was found between
E_MPG uptake and ARMS PCR.

18E_MPG SUV,,,.x and survival

The median progression-free survival (PFS) of all patients was 225 days
(95% CI, 146.5 to 202.1 days). Patients with EGFR-activating muta-
tions had longer PFS than those carrying wild-type EGFR [hazard
ratio (HR), 0.2135; 95% CI, 0.04517 to 0.2925; P < 0.0001; Fig. 6E].
PFES based on the study-specified BE_MPG SUV x cutoff of 2.23 is
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Fig. 5. EGFR mutation status of patients with NSCLC, detected by histological examination and ARMS PCR. (A) Histological and amplification refractory mutation
system (ARMS) polymerase chain reaction (PCR) confirmation of a patient (number 3) with EGFR exon 19 deletion: hematoxylin and eosin (H&E) staining at x10 magnification.
Scale bar, 100 um. Immunohistochemistry for total-EGFR, phosphorylated EGFR (phospho-EGFR), and E746-A750del-specific EGFR at x20 magnification from inset in (B).
Scale bars, 50 um. ARMS PCR: AC; = 18.57 < 26 (cutoff). (B) Histological and ARMS PCR confirmation of a patient (number 36) with EGFR exon 21 L858R point mutation:
H&E staining at x10 magnification. Scale bar, 100 um. Immunohistochemistry for total-EGFR, phospho-EGFR, and L858R-specific EGFR at x20 magnification from inset in
(B). Scale bars, 50 um. ARMS PCR: AC; = 21.83 < 26 (cutoff). (C) Histological and ARMS PCR confirmation of a patient (number 54) with wild-type EGFR: H&E staining at
%10 magnification. Scale bar, 100 um. Immunohistochemistry for total-EGFR, phospho-EGFR, and E746-A750 del-specific EGFR at x20 magnification from inset in (C).

Scale bars, 50 um. ARMS PCR: AC; = 113 > 26 (cutoff).

shown in Fig. 6F. When using a cutoff of 2.23 for "*F-MPG SUV 5,
a significant association with PFS was observed (HR, 0.2083; 95% CI,
0.03406 to 0.2438; P < 0.0001). The median PFS of patients with
BE_MPG SUV,0x =2.23 in this series was 348 days, whereas the me-
dian PES of patients with BE MPG SUV,,ux <2.23 in this series was
183 days. These results clearly demonstrated that NSCLC patients
with high BE_MPG SUV 0 benefited from EGFR-TKI treatment.

Correlation of '®F-MPG PET/CT with response to therapy

Therapy response to EGFR-TKIs was assessed by CT imaging in 71
patients (Fig. 3 and Table 1) following standard response criteria: com-
plete response (CR), partial response (PR), stable disease (SD), and
progressive disease (PD). The 72.73% (24 of 33) of patients with EGFR-
activating mutations (identified by ARMS PCR) demonstrated ob-
jective responses (CR or PR) to EGFR-TKIs. In contrast, in the
unselected patient population, the response rate was only 45.45%

Sun etal., Sci. Transl. Med. 10, eaan8840 (2018) 7 March 2018

(30 of 66). The total number of unselected patients was 66 because we
could not obtain EGFR mutation status measurements (by ARMS
PCR) in five patients. Of the 38 patients receiving EGFR-TKI ther-
apy identified by '®F-MPG PET/CT (**F-MPG SUV ay >2.23), 31
achieved objective responses (CR or PR), and 4 additional patients
showed SD. Thus, '*F-MPG PET/CT displayed detection sensitivity
to EGFR-TKIs in 81.58% (31 of 38) of the selected patients. The ob-
jective response in unselected '"*F-MPG PET/CT imaging patients was
46.48% (33 of 71).

After EGFR-TKI therapy with gefitinib, one patient carrying EGFR
exon 19 E746-A750del experienced disease stabilization during
20 months until tumor regression. Six months after receiving
gefitinib, "*F-MPG SUV . Was 2.31, and after disease regression, it de-
creased to 2.01 (Fig. 7A). Further analysis of biopsied tissue revealed
conversion from an EGFR-activating mutation phenotype to EGFR
wild type (fig. S8).
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Fig. 6. Correlation between 18F-MPG uptake and EGFR mutation status in patients with NSCLC and progression-free survival. (A and B) Box plot of BE-MPG SUVinax
(A) and "8F-FDG SUV nax (B) for patients with NSCLC with EGFR-activating mutation and wild-type EGFR, pre-TKI treatment and post-TKI treatment. Data are means + SD.
**P < 0.01 and ****P < 0.0001, ANOVA with the Newman-Keuls multiple comparison test. (C) Box plot of 8E_MPG SUVpmax and '®F-FDG SUVax for patients with NSCLC with
EGFR exon 19 deletion and EGFR exon 21 L858R point mutation. No association was found between '®F-MPG uptake and EGFR exon 19 deletion or EGFR 21 point muta-
tion. P = 0.8486, one-way ANOVA. (D) Receiver operating characteristic curve representing the sensitivity and specificity of 'F-MPG SUVmay for predicting the presence of
EGFR mutation status in patients with NSCLC [area under the curve (AUC) = 0.8440, P < 0.0001]. (E) Kaplan-Meier plots of progression-free survival according to EGFR
mutation. HR (95% Cl), 0.2135 (0.04517 to 0.2925); P < 0.0001. (F) Kaplan-Meier plots of progression-free survival according to 8ELMPG SUVmax- HR (95% Cl), 0.2083

(0.03406 to 0.2438); P < 0.0001.

The 81.82% (27 of 33) of patients with wild-type EGFR had "*F-MPG
SUV max <2.23. Five of 33 patients with wild-type EGFR with BE_MPG
SUVmax =2.23 all had therapy response or SD after treatment with
EGFR-TKIs. The tumor EGFR mutation status was unknown in the
remaining five patients. Of three patients whose tumors were '*F-MPG
SUV max =2.23, two responded to EGFR-TKIs (Fig. 7B).

DISCUSSION

The precise quantification of EGFR mutation status in tumors allows
for the accurate selection of patients for EGFR-TKI treatment while
promoting the design of more effective therapeutic strategies. How-
ever, new biotechniques are needed to detect the intra- and intertumor
EGFR mutation status in patients and thereby avoid unoptimized
EGFR-TKI-based therapy. Noninvasive molecular imaging techniques
using radiolabeled tracers for PET imaging have recently been devel-
oped to evaluate and quantify EGFR mutation status (21). Previous-
ly reported PET imaging tracers targeting EGFR at the kinase level
include small molecules labeled with ''C, IF, and '**I-IPQA (24-30).
Although two EGFR-targeting ''C-labeled compounds (*'C-PD153035
and "' C-erlotinib) have been assessed in patients, the short half-life of
1€ (20.38 min) limits its broader use in the clinic (31, 32). Moreover,
most of the aforementioned tracers are too lipophilic to be rapidly
eliminated from the body. To solve these problems, considerable ef-
forts have recently been invested into developing PEGylated ani-
linoquinazoline derivatives labeled with BE (half-life is 109.8 min)

Sun etal., Sci. Transl. Med. 10, eaan8840 (2018) 7 March 2018

for imaging mutant EGFR kinases (10). However, to date, none of
these '®F-labeled TKIs has been used in clinical imaging of NSCLC
patients. Here, we show that "*F-MPG, a radiotracer targeting an EGFR-
activating mutation, can be used to select NSCLC patients for EGFR-
TKI therapy and to monitor treatment efficacy.

We have designed and synthesized "*F-MPG on the basis of the
structure of a quinazoline derivative. In this molecule, the PEG func-
tional group is attached to the quinazoline ring at 7-position to in-
crease hydrophilicity, and '*F is attached at the end of the PEG4
chain. "*F-MPG can then be easily prepared by a one-step radiosynthe-
sis with good radiochemical yields, high purity, and highly specific
activity. Our in vitro experiments in NSCLC cultured cells show that
'®E-MPG and QD620-MPG have significantly higher accumulation in
EGFR E746-A750del cells when compared with EGFR L858R/T790M,
EGFR-negative, or EGFR wild-type cells, and this preferential bind-
ing was confirmed in blocking assays with gefitinib, which competes
for binding to the same site in the EGFR-activating mutant kinase
domain. In addition, biochemical assays further indicate that F-MPG
has increased inhibitory activity for EGFR E746-A750del cells when
compared to EGFR L858R/T790M, EGFR-negative, or EGFR wild-
type cells. Together, these data demonstrate that F-MPG activity is
much higher for EGFR with activating mutations than for inactive
mutant EGFR. Finally, molecular docking assays reveal that F-MPG
adopts a similar conformation to PD153035 in the EGFR binding site,
and key interactions between the quinazoline ring and EGFR resi-
dues remain, in agreement with the binding specificity of the ligand.
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Fig. 7. Examples of '8F-MPG PET/CT imaging
monitoring the change of EGFR mutation sta-
tus and EGFR-TKI therapy response in patients
with NSCLC. (A) Patient with NSCLC with a shift
in tumor from EGFR-activating mutation to EGFR
wild type. Scans from a 47-year-old Asian male
(number 9) with smoking history and lung ade-
nocarcinoma are shown. Row 1: '®F-MPG PET/CT
tumor SUVpmay is 2.31 (red arrow), and EGFR gene
test shows EGFR exon 19 E746-A750 deletion at
6 months after gefitinib treatment. Row 2: '®F-MPG
PET/CT tumor SUV,,ax decreased to 2.01 (red ar-
row), and EGFR gene test with second fine-needle
aspiration shows EGFR wild type at 20 months
after gefitinib treatment. Row 3: 20 months after
TKI '8F-MPG PET/CT also showed that a new tu-
mor appeared in the inferior lobe (orange arrow)
indicating progressive disease. H, heart; L, liver.
(B) From a patient with NSCLC with unknown EGFR
mutation status, an example of '®F-MPG PET/CT
response: Scans from a 60-year-old Asian female
(number 22) with no smoking history and lung
adenocarcinoma are shown. Baseline ®F-MPG
PET/CT tumor SUV nay is 3.04, and tumor size is
3.1 x 2.6 cm? (red arrow). "8E.MPG PET/CT tumor
SUVmax has decreased to 2.61 at 50 days after
gefitinib treatment, and the tumor was shrunk
[tumor size, 2.3 x 1.3 cm? (red arrow)]. Marked
'8F-MPG response was seen on day 50, and PET/
CT scan showed partial response. K, kidney.

B Patient number 22

18F-MPG PET/CT at baseline

A Patient number 9: 6-month 18F-MPG PET/CT of post-TKIs

18F.MPG PET/CT at day 50
after gefitinib treatment

PET imaging with '®F-MPG in human NSCLC xenograft mouse mod-
els shows high imaging contrast and tracer specificity for EGFR-
activating mutant tumors. Moreover, a much lower accumulation
of ""F-MPG in tumors with inactive EGFR mutation suggests that
"8F_MPG may differentiate tumors sensitive or resistant to EGFR-
TKIs, and this is supported by the biodistribution data. Collectively,
our in vitro assays and preclinical results show that EGFR mutation
status can be noninvasively and repeatedly determined by '*F-MPG.

Sun etal., Sci. Transl. Med. 10, eaan8840 (2018) 7 March 2018

A combination of high '*F-MPG tumor uptake and low normal
lung background allowed us to distinguish tumors with EGFR-
activating mutations from EGFR wild-type tumors in clinical PET/
CT studies in patients with NSCLC, as demonstrated by PET/CT image
quantification analysis and by ANOVA and post hoc comparisons.
Moreover, we show that NSCLC patients treated with gefitinib, erlo-
tinib, or icotinib have a slight decrease in '*F-MPG tumor accumu-
lation. Nevertheless, '*F-MPG SUV . is still higher than in EGFR
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wild-type tumors, in agreement with the preclinical data. These re-
sults suggest that '®F-MPG PET/CT imaging may reveal residual
EGFR-activating tumor sites after treatment with EGFR-TKIs. This
information could provide useful for redesigning EGFR-TKI treat-
ments; for instance, it may justify preceding the therapy with a more
complex protocol. Thus, '°F-MPG PET/CT imaging adds new valu-
able functional information on NSCLC patient response to EGFR-
TKIs, which cannot be provided by traditional in vitro methods. The
decrease in '®F-MPG tumor accumulation is also observed in ani-
mal PET imaging but is more obvious than clinical study. In block-
ing assays, there is a twofold decrease in '*F-MPG accumulation in
HCC827 tumors in gefitinib pretreatment xenograft mice. The dif-
ferences in '®*F-MPG uptake after EGFR-TKI treatment in the pre-
clinical and clinical studies can be explained by differences in the
gefitinib dose administered. We pretreated the HCC827 xenograft
mice with excessive amounts of gefitinib (100 mg/kg) to occupy all
the EGFR-activating tumor sites. However, high doses of gefitinib
cause significant side effects in patients (dose-dependent and revers-
ible diarrhea and acneiform rashes), and hence, the maximum dose
of gefitinib used in the clinical treatments (750 mg/day per patient;
average, 60 kg) was much lower than that used in preclinical block-
ing assays. Thus, in clinical patients, there were still some residual
EGFR-activating tumor sites available for '*F-MPG binding after treat-
ment with gefitinib, which explains the small decrease in BE_MPG
accumulation detected in patients with EGFR-activating mutations
after EGFR-TKI therapy.

ROC curves and AUCs calculated for *F-MPG SUV ,,x measure-
ments validate a cutoff value of SUV . >2.23 for predicting EGFR-
activating mutation status in NSCLC patients. With SUV 0 >2.23,
the sensitivity, specificity, and predictive accuracy of '*F-MPG PET
can reach 86.49, 81.82, and 84.29%, respectively. Notably, because
BE-MPG SUV 1y is closely associated with PES, '*F-MPG PET/CT
imaging can identify patients responsive to EGFR-TKI sensitivity
(this subpopulation could be considered for EGFR-TKI treatment).
The objective response rate in patients with Bp_MPG SUV nax =2.23
was about two times higher than that in unselected patients, and
those patients had good outcomes after EGFR-TKI therapy. How-
ever, this cutoff value should be considered as exploratory because
our study only includes a moderate number of patients.

E_FDG is the most widely used PET tracer for tumor imaging.
Thus, it is important to compare the performance of '*F-MPG and
"8E-FDG when imaging EGFR-activating mutations in patients with
NSCLC to fully assess the clinical translational potential of the new
tracer. "*F-FDG shows significantly higher uptake in normal organs
than '®F-MPG, including the brain, lung, spleen, kidney, intestine,
heart, and blood, further suggesting that '*F-MPG has excellent clin-
ical translational potential. Moreover, low *F-MPG uptake in the
normal brain allows the easy detection of EGFR-activating metastasis,
another advantage of this tracer, when compared to '*F-FDG. We
also found no correlation between '*F-FDG tumor uptake and EGFR
mutation status or response to EGFR-TKI treatment, whereas pre-
vious studies searching for such an association had reached conflicting
conclusions (33, 34). On the other hand, ®F-MPG shows specificity
for EGFR-activating mutant tumors, including primary tumor and
metastases. Early PET/CT imaging with "*F-MPG may predict patient
response to EGFR-TKI treatment.

Despite these promising results, some questions still need to be
addressed for the optimal translation of **F-MPG into the clinic. First,
our patient study was performed retrospectively, possibly leading
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to potential bias. Second, a multicenter clinical trial study with a
larger patient sample size is also required. Third, although the PEG
functional group increases the water solubility of "*F-MPG, the tracer
still shows relatively higher uptake than '*F-FDG in the liver and
gallbladder, which could prevent diagnosis of metastases in these
organs. In the future, "*F-MPG should be optimized to increase
water solubility and decrease lipid solubility. Finally, optimal dos-
ing, imaging time, and parameters for "*F-MPG PET/CT imaging
need to be investigated. Whether other factors, such as dosage or
type of EGFR-TKIs, might affect "*F-MPG uptake should also be
considered.

In summary, our results demonstrate that '*F-MPG uptake is sig-
nificantly increased in NSCLC tumors harboring EGFR-activating
mutations, based on analysis of the association between EGFR mu-
tation status and '*F-labeled small molecular TKI uptake in NSCLC
patients. When compared to analyses in tumor tissues and plasma
samples for detecting genetic alterations, '*F-MPG PET/CT quanti-
tatively detected EGFR-activating mutation tumors (primary or meta-
static) and displayed the position and morphology of the NSCLCs
directly. Thus, '®F-MPG PET/CT imaging is a promising method for
the noninvasive identification of patients with NSCLC who may ben-
efit from EGFR-TKI therapy and for predicting and monitoring EGFR-
TKI treatment outcome.

MATERIALS AND METHODS

Study design

The goal of this study was to assess '*F-MPG as a PET/CT tracer for
monitoring EGFR-activating mutation status and identifying NSCLC
patients responsive to EGFR-TKI treatment. We tested the selective
binding and uptake properties of "*F-MPG and QD620-MPG to EGFR-
activating mutation kinase in vitro and in vivo. Then, we demon-
strated the efficacy of '*F-MPG PET in identifying NSCLC tumors
sensitive to EGFR-TKIs in mice. We also evaluated the feasibility of
using '*F-MPG PET/CT imaging in adult patients with NSCLC with
different EGFR mutation status (primary and metastatic tumors) in
a clinical trial (ClinicalTrials.gov: NCT02717221).

Preparation of '®F-MPG

The synthesis of the T-MPG precursor was described in Supplemen-
tary Materials and Methods (fig. S1). For the one-step '°F labeling,
the solution of '®F-fluoride (K,COs/Kryptofix 222) was azeotropi-
cally dried in two steps by a GE TRACERIab FX-EN synthesizer. Next,
T-MPQG dissolved in 0.4 ml of dimethyl sulfoxide was added into the
dried "®F-fluoride and then heated at 120°C for 10 min in the pres-
ence of helium. After cooling to 35°C, the mixture in the reaction
vessel was purified in an HPLC (high-performance liquid chroma-
tography) column (VP 250/16 NUCLEOSIL 100-7 C18, MN) by using
the eluent (ethanol/water, 50:50; 8 ml/min). To determine the radio-
chemical purity of "*F-MPG, radio thin-layer chromatography was
performed by silica gel plate and acetonitrile (95%). To measure the
specific activity of "*F-MPG, we first established a standard curve with
F-MPG by injecting five different quantities of F-MPG into HPLC
(Alltech Series 1500), and then the activity of BE_MPG in 0.1 ml was
measured with a radioactivity meter before injection into the HPLC.
On the basis of the linear standard curve, we measured the mass of
8E_MPG and defined the specific activity of '*F-MPG: SA = A/m,
where SA means specific activity, A is the amount of radioactivity of
'8F-MPG loaded into HPLC (corrected by the time elapsed since the
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amount of radioactivity was measured), and 7 is the mass of "*F-MPG
(based on the F-MPG standard curve).

In vitro cell uptake study

The cell uptake and blocking assays were performed as previously
described (35). Briefly, HCC827, H1975, H520, and H358 cells were
seeded into 12-well plates at a density of 1 x 10° per well and incu-
bated with '*F-MPG [37 kilobecquerel (kBq)/1.0 ml per well] at 37°C
for 15, 30, 60, and 120 min. After washing three times with cold
phosphate-buffered saline, the cells were harvested in 200 ul of 0.1
N NaOH (EMD Millipore Corporation). Suspensions of HCC827,
H1975, H520, and H358 cells were collected individually and measured
in ay-counter (2480, PerkinElmer). Cell uptake was expressed as a per-
centage of the decay-corrected total input radioactivity. For blocking
studies, gefitinib (100 uM) was added to the HCC827 cells. After 1-hour
incubation, the HCC827 cell uptake assay was repeated as described
above. The cell uptake and blocking studies were conducted three
times with triplicate wells. Data are expressed as the percent added dose
after decay correction.

In vivo PET of mice and biodistribution

PET scans and image analyses were performed with a clinical time-
of-flight (TOF) 64-slice PET/CT scanner (Discovery 790 Elite; GE
Healthcare). Each HCC827, H1975, H520, or H358 tumor-bearing
mouse was injected via the tail vein with "*F-MPG with 3.7 MBq
(100 uCi; 0.1 nmol in 100 ul) or BE_FDG with 7.4 MBq (200 mCi)
under isoflurane anesthesia (n = 6 per group). '"*F-MPG PET was ac-
quired for 3 min in two-dimensional (2D) mode at 30 min, 1 hour,
and 2 hours after injection. '*F-FDG PET was acquired for 3 min in
2D mode at 1 hour after injection. The PET images were reconstructed
ona 512 x 512 matrix for a 15-cm-diameter field of view by ordered
subsets expectation maximization (OSEM) algorithm. The PET, CT, and
fused images were visualized with the Advantage Workstation version
AW4.6 software package (GE Healthcare). For blocking experiments
with HCC827 tumor-bearing mice, gefitinib (100 mg/kg) was injected
into xenograft-bearing nude mice (n = 5 per group) before PET im-
aging. After 1 hour, all the mice underwent imaging processing as
described above. For each PET scan, ROIs were drawn over the tumor
and normal tissue using the Advantage Workstation version AW4.6
software (GE Healthcare) on decay-corrected whole-body coronal
images. The maximum radioactivity counts within a tumor or a normal
tissue were obtained from mean pixel values within the multiple ROI
volumes and then converted to megabecquerels per milliliter using
a conversion factor. These values were then used to calculate an im-
age ROI-derived % ID/g, as we previously described (35).

For the ex vivo biodistribution experiments, female athymic nude
mice bearing HCC827, H1975, H520, or H358 xenografts were in-
jected with 0.925 MBq (25 uCi; 100 pmol in 200 ul) of '*F-MPG
through the tail vein to evaluate the distribution of the tracer in the
tumor tissues and major organs. At 30 min, 1 hour, and 2 hours after
injection of the tracer, the tumor-bearing mice were sacrificed and
dissected (n = 6 per group). Tumors and major organs were collected
and wet-weighed. The radioactivity in the wet whole tissue was
measured with a y-counter (2480, PerkinElmer). The results were ex-
pressed as % ID/g.

Patient characteristics
Patients were recruited from The Fourth Hospital of Harbin Medical
University between December 2014 and May 2017. Seventy-five of
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102 patients with local NSCLC were considered eligible for the study.
Biopsies of the primary tumors or metastatic lesions were obtained
to diagnose NSCLC and determine EGFR mutation status by genetic
testing in some of the patients (Fig. 3 and Table 1). When an excision-
al biopsy was performed, fresh or freshly frozen tumor was submit-
ted to Shanghai ACKERMAN Pathology and Diagnostics Company
(Shanghai, China) for quantitative measurement of EGFR mutation
status by using the ARMS PCR method or gene sequencing. Other
entry criteria included an age of 18 years or older, a life expectancy
of at least 12 weeks, the presence of a malignant lesion within the
chest of at least 0.5 cm in diameter as measured by CT, and written
informed consent. Exclusion criteria were claustrophobia, pregnancy,
lactation, and metal implants in the thorax. This study was approved
by the Medical Ethics Review Committee of The Fourth Hospital of
Harbin Medical University and was registered at ClinicalTrials.gov.

To evaluate the suitability of using "*F-MPG imaging to select
NSCLC patients sensitive to EGFR-TKI treatment, we analyzed 75 pa-
tients with histologically proven, local NSCLC with or without metas-
tases. EGFR mutation status was confirmed quantitatively by ARMS
PCR or gene sequencing in 70 patients. EGFR mutation status could
not be determined in five patients because of inadequate tissue samples.

Baseline characteristics of all patients are shown in Table 1 and
Fig. 3. The patients were divided into four groups as follows: group
1, patients with EGFR-activating mutations in tumors who did not
receive any treatment before the study (24 patients); group 2, patients
with EGFR-activating mutations in tumors who received EGFR-TKIs
during this study (13 patients); group 3, patients with wild-type EGFR in
tumors who did not receive any treatment before this study (33 patients);
and group 4, patients without the EGFR mutation status measurement
results who did not receive any treatments (5 patients).

PET/CT imaging studies in patients
The '®F-MPG and "®F-FDG studies used PET/CT scanning (Discov-
ery 790 Elite; GE Healthcare) and were conducted on two separate
days. All patients participated in the "*F-MPG study, whereas only
73 of 75 patients participated in both "*F-MPG and '8F-FDG studies.
About 259 MBq (7 mCi) of '®F-MPG was administered intravenously
within 5 min. Scanning was initiated 1 hour after administration of the
tracer. The '"®F-FDG PET scans (3.7 MBq/kg body weight) were ac-
quired after the patients fasted for at least 6 hours, and the blood glu-
cose was <180 mg/dl. The images were evaluated qualitatively by three
experienced nuclear medicine physicians independently. The SUV y4x
normalized to body weight (kBq/ml) was calculated within the ROI.
Whole-body CT scans were acquired for attenuation correction
by using a low-dose protocol (40 mA, 120 keV, a 512 x 512 matrix,
3.75-mm slice thickness, increment of 30 mm/s, rotation time of 0.5 s,
and pitch index of 0.8). Subsequently, PET data were acquired in
3D mode with a 200 x 200 matrix with 3-min imaging time per bed
position. After decay and scatter correction, the data were reconstructed
(Advantage Workstation version AW4.6, 3D-OSEM, VUE Point FX-
TOF correction, Sharp-IR). To quantify tracer accumulation, a vol-
ume of interest using a 3D sphere was placed over the primary lung
tumor, lymph nodes, and distant metastases avoiding necrosis, blood
vessels, and normal lung tissue as much as possible on a workstation
(Advantage Workstation 4.6; GE Healthcare).

Safety assessment
Patient safety was assessed and graded according to the Common Ter-
minology Criteria for Adverse Events (version 4.03) (36) by measuring
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the blood pressure, respiratory rate, pulse rate, temperature, and rou-
tine blood and urine tests. Within the first 24 hours after "*F-MPG
injection, the research team kept phone contact with each subject mon-
itoring for potential AE responses. We noted and analyzed any possi-
ble side effects during and within 1 week after '*F-MPG PET/CT scan.

Statistical analysis

To assess the association between '*F-MPG or "*F-FDG uptake and
EGFR mutation status, we performed statistical analyses in two ways:
(i) Student’s t test was used to compare quantitative data between
two independent samples; and (ii) for comparisons involving more
than two categories, one-way ANOV A, followed by the Newman-Keuls
post hoc test, was performed (GraphPad Prism 5). ANOVA F ratio
df were listed as F,, in the text and legends for the nominator (x) and
denominator (y). An ROC curve was computed for SUV ,, thereby
evaluating the ability to discriminate EGFR-activating mutation status
and identifying the optimum BE_MPG PET/CT SUV .y cutoff value.
The criteria for determining the optimal cutoff value was the SUV 4«
point on the curve with the minimum distance from the upper left
corner of the unit square and the point where the Youden’s index
(sensitivity + specificity — 1) was maximal. The total AUC and its
95% CI were calculated. The sensitivity, specificity, and diagnostic
accuracy were calculated as indicators of its accurateness in the pre-
diction of EGFR-activating mutations. PFS estimates were calculated
according to the Kaplan-Meier method. Statistical significance was
set at P < 0.05. Quantitative values were expressed as means + SD or
SEM as indicated. Statistical analysis was performed with IBM SPSS
Statistics v. 22.0.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/431/eaan8840/DC1

Materials and Methods

Fig. S1. Synthetic scheme of T-MPG (compound 9) and F-MPG (compound 13).

Fig. $2. Radioactivity chromatograms of '8F-MPG.

Fig. S3. Characterization of HCC827, H1975, H520, and H358 cell lines and xenograft tumor
models in vitro and ex vivo.

Fig. S4. Predicted binding modes of F-MPG and PD153035 with the EGFR wild type, EGFR exon
19 E746-A750 deletion homology model, and EGFR L858R/T790M double mutant.

Fig. S5. Uptake of MPG analogs in NSCLC cells.

Fig. $6. Accumulation of '®F-MPG in different mice tumor xenografts.

Fig. 7. Biodistribution of '8F-MPG and '®F-FDG in all patients with NSCLC at 60 min after injection.
Fig. S8. Gene sequencing confirmation of an NSCLC patient (number 9) with a shift in tumor
from EGFR-activating mutation to EGFR wild type.

Table S1. Quantitative '8F-MPG PET ROl analysis of organ uptake in different tumor xenografts
in mice at 30 min (n = 6 per group).

Table S2. Quantitative '8F-MPG PET ROl analysis of organ uptake in different tumor xenografts
in mice at 1 hour (n = 6 per group).

Table S3. Quantitative '8F-MPG PET ROl analysis of organ uptake in different tumor xenografts
in mice at 2 hours (n = 6 per group).

Table S4. Quantitative '8F-FDG PET ROl analysis of organ uptake in different tumor xenografts
in mice at 1 hour (n = 6 per group).

Table S5. Biodistribution of '8F-MPG in different tumor xenografts in mice at 30 min (n = 6 per

group).

Table S6. Biodistribution of '8F-MPG in different tumor xenografts in mice at 1 hour (n = 6 per
group).

Table S7. Biodistribution of '8F-MPG in different tumor xenografts in mice at 2 hours (n = 6 per
group).

Table S8. First-in-human data, OD in microsievert/megabecquerel.

Table 59. '8F-MPG and '8F-FDG SUV 4y in all NSCLC patient organs 60 min after injection.
Table $10. Tumor accumulation of '8F-MPG and '®F-FDG in different groups of NSCLC patients
at 60 min.
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Tracing tumor treatment response

Tyrosine kinase inhibitors (TKIs) are a therapy for patients with non—-small cell lung cancer (NSCLC) who
have activating mutations in epidermal growth factor receptor (EGFR). To noninvasively detect tumor mutation
status, Sun et al. designed a radiolabeled tracer for use with positron emission tomography and computed
tomography imaging methods. The tracer identified tumors with activating mutant EGFR in rodent models of
NSCLC and in patients with NSCLC. Patients with mutant EGFR had longer progression-free survival and
responded to TKI therapy at a higher rate compared to patients with wild-type EGFR. This tracer could help
identify patients with EGFR-TKI sensitivity and could be useful for monitoring response to treatment.
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