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Abstract

Purpose: About 60% of non-small cell lung cancer (NSCLC)
patients develop resistance to targeted epidermal growth factor
receptor (EGFR) inhibitor therapy through the EGFR T790M muta-
tion. Patients with this mutation respond well to third-generation
tyrosine kinase inhibitors, but obtaining a tissue biopsy to confirm
the mutation poses risks and is often not feasible. Liquid biopsies
using circulating free tumor DNA (cfDNA) have emerged as a
noninvasive option to detect the mutation; however, sensitivity is
low as many patients have too few detectable copies in circulation.
Here, we have developed and validated a novel test that overcomes
the limited abundance of the mutation by simultaneously captur-
ing and interrogating exosomal RNA/DNA and cfDNA (exoNA) in
a single step followed by a sensitive allele-specific qPCR.

Experimental Design: ExoNA was extracted from the plasma
of NSCLC patients with biopsy-confirmed T790M-positive

Introduction

Non-small cell lung cancer (NSCLC) comprises ~85% of all
diagnosed lung malignancies (1). More than half of patients with
NSCLC already have advanced disease at diagnosis, leading to a 5-
year survival rate of only ~15%. The field has been successful in
developing therapies targeting specific molecular pathways (2).
Extensive research on the molecular landscape of NSCLC has
shown that the presence of mutations in the kinase domain of the
epidermal growth factor receptor (EGFR) correlate directly with
sensitivity to first-generation EGFR tyrosine kinase inhibitors
(TKI) such as erlotinib and gefitinib (3-6). Unfortunately, around
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(N = 102) and T790M-negative (N = 108) samples. The
T790M mutation status was determined using an analytically
validated allele-specific qPCR assay in a Clinical Laboratory
Improvement Amendment laboratory.

Results: Detection of the T790M mutation on exoNA
achieved 92% sensitivity and 89% specificity using tumor
biopsy results as gold standard. We also obtained high sensi-
tivity (88%) in patients with intrathoracic disease (M0/M1a),
for whom detection by liquid biopsy has been particularly
challenging.

Conclusions: The combination of exoRNA/DNA and cfDNA
for T790M detection has higher sensitivity and specificity com-
pared with historical cohorts using cfDNA alone. This could
further help avoid unnecessary tumor biopsies for T790M muta-
tion testing. Clin Cancer Res; 24(12); 2944-50. ©2018 AACR.

60% of these patients develop resistance to anti-EGFR treatment
through a missense point mutation resulting in an amino-acid
change from threonine to methionine in exon 20 of EGFR (EGFR
T790M; refs. 7-12). This mutation is thought to not only appear
during treatment, but in rare cases (<5%) can also be found in
primary tumors not previously treated with TKIs (5, 7, 13-16).
Detecting the T790M mutation is therefore of critical importance
in guiding the treatment of NSCLC patients. Currently, this is
mostly performed based on a direct biopsy of the tumor tissue.

Obtaining tissue biopsies for molecular analysis can be chal-
lenging. There is a significant risk of bleeding, infection, and other
complications in up to 20% of patients. For as many as 49% of
patients, physicians are unable to obtain a biopsy for molecular
analysis either due to comorbidities or insufficient tumor tissue
(17, 18). Thus, there is a critical need for a noninvasive liquid
biopsy approach to assess tumor mutations as well as enable easy
repeat testing throughout treatment (19-23).

Recently, the Food and Drug Administration (FDA) approved
the first liquid biopsy companion diagnostic with the cobas EGFR
Mutation Test version 2, where T790M mutation status in plasma
was specifically indicated as an aid for use of osimertinib
(TAGRISSO). The cobas test analyzes the mutations present in
the cfDNA fraction, but its performance for EGFR T790M detec-
tion is limited by 58% sensitivity and 80% specificity (24).

The cell-free DNA (cfDNA) in biofluids is released through cell
death mechanisms such as necrosis and apoptosis (25). In
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Translational Relevance

Tumor tissue biopsies carry risks and are not always possi-
ble, making liquid biopsies an attractive way to acquire
molecular information from cancer patients. The EGFR
T790M mutation is a critical biomarker in non-small cell
lung cancer and has introduced new challenges in how these
patients are managed. With the approval of osimertinib for
patients failing first-generation EGFR inhibitor therapy, the
use of a liquid biopsy to detect EGFR T790M would reduce the
number of unnecessary repeat biopsies. Detection of EGFR
T790M using cfDNA has proved to be challenging due to low
abundance in blood. Here, we present a novel EGFR T790M
assay based on a platform validated in a Clinical Laboratory
Improvement Amendment laboratory that simultaneously
monitors the mutation on exosomal RNA/DNA and cfDNA
from plasma that achieves 92% sensitivity and 89% specificity.

contrast, exosomes and other extracellular vesicles are actively
released from living cells (26) and contain both RNA and DNA
(Fig. 1). Mutations such as T790M can be found in both cfDNA
and exosomal RNA/DNA, so combining these sources of nucleic
acids increases sensitivity (27-29). This improves detection in
patients with limited copies of circulating T790M in the cfDNA
fraction, such as those with early-stage disease or intrathoracic
(M0/M1a) lung cancer patients (~25%-30% of all newly diag-
nosed cases; ref. 19). In addition to the increased sensitivity of
mutation detection, it has been shown that mutations on exoNA
correlate better to overall survival compared with ¢fDNA muta-
tion analysis (27). Here, we present a highly sensitive, highly
specificand easily performed liquid biopsy test forT790M, using a

Apoptotic/necrotic cell
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single step isolation of exosomal RNA/DNA and cfDNA followed
by allele-specific qPCR.

Materials and Methods

Assay design

The test consists of four steps: coisolation of exosomal RNA/
DNA and <fDNA in a single step using a cGMP manufactured
isolation kit (ExoLution Plus, Exosome Diagnostics, Inc.); reverse
transcription (RT), preamplification with an allele-specific EGFR
exon 20 wild-type blocker, and a triplex TagMan-based quanti-
tative PCR (qPCR) step that uses an amplification-refractory
mutation system (ARMS). The test also analyzes EGFR exon 7
and a nonhuman control sequence (QBeta RNA) that is spiked
into the sample before the RT step, which serve as controls of
sample integrity, inhibition, and qPCR (Fig. 2; Exosome Diag-
nostics, Inc.).

Analytical and clinical validation

Analytical and clinical validation of the test was performed in
a Clinical Laboratory Improvement Amendments (CLIA) cer-
tified laboratory, following CLSI EP7-A2 and published guide-
lines (30, 31). The analytical validation was designed to address
precision (repeatability and reproducibility), sensitivity (limit
of detection, LoD), specificity, and the effect of interfering
substances. The LoD for the analytical part of the test was
calculated as previously described (32). A more detailed
description can be found in the Supplementary Methods and
Supplementary Figures section.

Clinical samples

The study included a total of 210 subjects, of which 102 were
from T790M-positive NSCLC patients (101 confirmed positive by
tissue biopsy using institutionally approved methods and one by
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Figure 2.

Assay workflow overview. A, exoNA is coisolated from plasma and reverse transcribed. At the reverse transcription step, an amplification control (DNA) and
an RNA spike-in control are added to ensure reverse transcription and subsequent amplifications occur (preamplification and triplex gPCR). B, Multiplex
preamplification reaction includes a wild-type blocker for exon 20 of EGFR, which favors amplification of mutant molecules from cfDNA and cDNA.

C, Allele-specific gPCR.

Guardant 360 analysis; Supplementary Table S1 and Supplemen-
tary Fig. S1A and S1B). All 102 T790M-positive patients had
received prior treatment with at least one first-generation TKI.
The negative samples were from either patients with a confirmed
T790M-negative biopsy (n = 21) or tumor-free donors (N = 87).
For the clinical samples, plasma was collected either during or
after tissue biopsy, but before initiation of third-generation TKI.
The study included both retrospective and prospectively collected
patient samples. Retrospective samples were provided by Clovis
Oncology, Inc., Addario Lung Cancer Medical Institute (ALCMI;
Wilmington, NC), and Massachusetts General Hospital (Boston,
MA), while the prospectively collected samples (including 13
patients with confirmed EGFR T790M-positive tumors) were from
Memorial Cancer Institute (Hollywood, FL), Althia Health and
Ochsner Medical Center (New Orleans, LA). All samples were
collected under clinical study protocols approved for this purpose
by the relevant Institutional Review Boards (IRB).

Sample preparation and qPCR analysis

All samples (1-2 mL of plasma from each patient) were
analyzed by Exosome Diagnostics, Inc. using the ExoDx Lung
(T790M) test. In summary, exosomal RNA/DNA and cfDNA was
isolated from 1 to 2 mL plasma samples using the ExoLution Plus
platform (Exosome Diagnostics, Inc.), based on a spin column
that simultaneously captures exosomes and cfDNA, which are
then eluted and reverse transcribed as described previously (27).
The cDNA/DNA was subjected to a mutation specific preampli-
fication in the presence of a blocker oligonucleotide that prevents
wild-type EGFR from being efficiently amplified (Fig. 2). The
amplification includes an inhibition control (QBeta RNA) as well
as an endogenous sample integrity control (exon 7 of EGFR). The
preamplified material is then subjected to an allele-specific qPCR
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for EGFR T790M as well as a standard qPCR for QBeta and exon 7
of EGFR.

Training and validation on clinical samples

The clinical cohort was split into stage-matched training and
validation cohorts. The training cohort consisted of 105 subjects
selected randomly in a cancer stratified manner to keep the ratio of
MO0/M1a, M1b, and MX disease stages constant between training
and left-out validation set, from which 51 samples were EGFR
T790M-positive and 54 T790M-negative. From the 51 positive
patients, 14 were M1a, 32 were M1b, 2 of M0, and 3 were MX.

The independent validation cohort consisted of 105 samples,
with 51 T790M-positive and 54 T790M-negative samples with
approximately the same disease stage distribution as the train-
ing cohort. Allele-specific PCR amplification of a single-nucle-
otide variant will eventually lead to background signal due to
the presence of the wild-type allele. The lowest cycle threshold
(CT) value allowed for exon 7 (which serves as an estimate for
wild-type EGFR was 14). To estimate the optimal CT cutoff for
T790M detection in plasma to best match tissue status, we used
the training cohort of 105 subjects. To evaluate the perfor-
mance and generalization abilities of the model, we performed
100 bootstrap experiments, where the training cohort was split
into a stratified 80% subtraining and 20% subtesting cohort. A
qPCR CT cutoff was estimated on each of the subtraining
cohorts by maximizing Youden's J statistic to be able to achieve
the highest values for sensitivity and specificity (33). Eventu-
ally, the CT cutoff was reestimated by maximizing Youden's |
statistic on the full training cohort using the results of the
bootstrapping. We validated the clinical performance of the test
using this optimized CT cutoff on the independent clinical
validation cohort of 105 subjects.

Clinical Cancer Research

2202 1snBny 2z uo 1senb Aq Jpd pr6Z/€855Y02/PY62/Z LIvZ/Pa-OlolE/Se1190UEdUIId/BI0"S|BUINCLIOEE/:dNY WOI) PapEOUMOQ



Results

Analytical validation

The assay test performance was evaluated in a set of controls
that consisted of DNA derived from admixtures of wild-type and a
genetically engineered T790M EGFR-mutant cell line (Supple-
mentary Table S2). The assay was validated on clean admixtures as
well as in a plasma background (nucleic acid from plasma
extraction) to assess performance in a complex background. The
test was able to detect mutant allele frequencies down to 0.05%
(the lowest validated admixture; Supplementary Table S2).

The analytical parameters, including LoD reported here, were
assessed using T790M spike-ins in 2 mL of plasma background.
The estimated LoD was 6 copies (at 50% detection rate), inde-
pendent of operator (2 operators) or day (3 different days;
Supplementary Table S3). As shown in the table, the test can
detect single copies of the mutation (i.e., ~1 copy 20% of the
time), but the performance is limited by the Poisson distribution
of mutant molecules. Because the final readout from this assay is a
qualitative assessment of the T790M mutation similar to the
cobas EGFR Mutation Test v2 (Roche), this copy-number infor-
mation is only used to address analytical assay performance
specifications.

The effect of interfering substances was also assessed following
CLSI EP7-A2 guidelines and showed that TKIs or any of the other
interfering substances assessed at therapeutic levels did not affect
the test performance (Supplementary Methods).

Clinical performance

CT values of the EGFR T790M qPCR assay from the training
cohort (51 EGFR T790M-positive and 54 T790M-negative sub-
jects) were used to train the test to discriminate between EGFR
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T790M-positive and -negative samples as determined by tissue
biopsy. In the training cohort, the test had a sensitivity of 91%, a
specificity of 95%, and the area under the receiver operator
characteristics curve (AUC) was 0.94 (Fig. 3A, Table 1C; Supple-
mentary Table S4).

The clinical performance on the independent validation cohort
(51 EGFR T790M-positive and 54 T790M-negative subjects) was
92% sensitivity, 89% specificity, and an AUC of 0.96 (Fig. 3B
and Table 1C). Of the 51 EGFR T790M-positive patients, 47 were
classified as true positives (TP), 4 as false negatives (FN), and of
the 54 EGFR T790M-negative subjects, 48 as true negatives (TN)
and 6 as false positives (FP) compared with tissue biopsy (Table
1A). From the false positive samples, one was from a T790M-
negative NSCLC patient and the remaining were from presumably
healthy subjects.

The test correctly classified 88% (14/16) of patients with
intrathoracic (M0/M1a) disease, ~94% (30/32) with M1b dis-
ease, and 100% (3/3) of unknown M stage (MX; Table 1B).

Discussion

Liquid biopsies are a promising tool for patient stratification as
well as longitudinal monitoring of cancer patients. However, a
primary challenge for the liquid biopsy field is the low allelic
frequencies of the mutation (often below 0.5%) and low copy
numbers of the mutation target. Technical advancements in recent
years have enabled detection of mutations at very low allelic
frequencies (34), but cannot solve the problem of low/no copy
numbers in the sample.

Given these challenges, it is crucial to examine the different
sources of nucleic acids in the circulation to maximize the
chance of detecting the target mutation at an earlier disease
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Receiver operating characteristic (ROC) curve analysis. The x-axes show 1 — specificity or the false positive rate (FPR), and y-axes show the sensitivity or true
positive rate (TPR). A, Training cohort with averaged performance across 100 bootstrap experiments. For each bootstrap, the training cohort was split
into 80% training data and 20% testing data to estimate the optimal CT cutoff and the performance of the trained model. B, Performance of the test was confirmed in

an independent validation cohort of 105 clinical samples.
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Table 1. Validation cohort performance

Plasma results using cfDNA and exosomal RNA

Total number

+ -
A
Tissue result + 47 4 51
- 6 48 54
B
M stage Sensitivity
MO/Mla 14/16 (88%)
Mib 30/32 (94%)
MX 3/3 (100%)
C
Parameter Training data (SD) Clinical validation data
AUC 0.94 (+ 0.06) 0.96
Specificity 0.95 (+ 0.06) 0.89
Sensitivity 0.91 (£ 0.09) 0.92
Accuracy 0.93 (£ 0.06) 0.91
Precision 0.95 (£ 0.06) 0.89
Negative predictive value 0.92 (£ 0.07) 0.92
Positive predictive value 0.95 (+ 0.06) 0.89

NOTE: A, Confusion matrix that correlates T790M results in tissue with plasma exoNA. The sensitivity and specificity were 92% and 89%, respectively. B, Sensitivity
of the plasma exoNA test with cfDNA and exosomal RNA based on M status. C, Averaged performance measurements across 100 bootstrap experiments on the

training and results from the clinical validation data.

stage. While many liquid biopsies only interrogate the cfDNA
fraction, it is well known that mutations are also present in the
RNA (26).

T790M is an important disease progression biomarker, and
mutation status is required for decision on the best patient care.
The primary treatment for acquired resistance through T790M
is osimertinib, which has gone through regulatory approval in
the United States, Europe, and Japan. However, tissue biopsies
have several challenges, including safety and cost. As many as
19% of patients receiving a lung biopsy suffer from adverse
effects and the median cost of a biopsy procedure with com-
plications is over $37,000 (18). Additionally, there is a signif-
icant fraction of patients where a tissue biopsy cannot be
performed.

The assay presented here provides a novel liquid biopsy
that utilizes all sources of mutations (both RNA and DNA)
to ensure highly sensitive detection of T790M. To determine
test performance, the study evaluated a total 210 clinical
samples, of which 102 were T790M-positive to approximate
the T790M prevalence in patients with acquired resistance.
Even though the cohort had ~37% intrathoracic or unknown
disease stage (M0/M1la-MX) patients, the exoNA-based assay
achieved an overall performance of 92% sensitivity and 89%
specificity.

Detecting the T790M mutation is especially difficult in patients
with confined thoracic disease (stages MO/M1a). Recent studies
show that even highly sensitive methods that rely on cfDNA as
input material struggle to reliably detect T790M. For example
droplet digital PCR could only detect T790M in 18% (2/11) of
M1a patients (35), 51% (121/243) detection by the cobas EGFR
Mutation Test v2 (36), and 27% (4/15) when using BEAMing
(19). In contrast, the exoNA-based test presented here shows a
clinical sensitivity of 88% (14/16) and 94% (30/32) for disease
stages MO/M1a and M1b respectively.

The performance of the test described here can be compared
with the FDA-approved cfDNA test for T790M (cobas EGFR
Mutation Test v2, Roche), which showed a lower sensitivity of
58% and 80% specificity. The Roche test is currently used when

2948 Clin Cancer Res; 24(12) June 15, 2018

tissue is not available. It has been suggested that liquid biopsies in
the future could be used up front (23) and only when the liquid
biopsy is negative, the patient would proceed to an invasive tissue
biopsy. However, the low sensitivity of the c(fDNA-based assay
would lead to a lot of unnecessary invasive tissue biopsies for
follow-up on a negative liquid biopsy result. By applying the
exoNA-based assay presented here, the number of unnecessary
follow-up biopsies could be reduced from 42% (with cfDNA) to
8% with the combined exosome platform.

Because exosomes are shed by living cells and cfDNA is released
by necrotic/apoptotic cells, the combined detection of cfDNA
and exosomal nucleic acids described here will analyze two
different biological processes of the tumor and may facilitate
earlier detection of the developing resistance mutation in a
longitudinal setting. This combined exosome/cfDNA platform
was recently shown to generate approximately 10-fold more
copies of EGFR-activating mutations in a direct comparison with
BEAMing analysis on cfDNA and a higher clinical sensitivity (29).
Another study showed that longitudinal mutation analysis using
this platform could correlate better to overall survival compared
with methods using cfDNA alone (27).
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