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Abstract

Purpose: The evaluation of plasma testing for the EGFR resis-
tance mutation T790M in NSCLC patients has not been broadly
explored. We investigated the detection of EGFR activating and
T790M mutations in matched tumor tissue and plasma, mostly
from patients with acquired resistance to first-generation EGFR
inhibitors.

Experimental Design: Samples were obtained from two stud-
ies, an observational study and a phase I trial of rociletinib, a
mutant-selective inhibitor of EGFR that targets both activating
mutations and T790M. Plasma testing was performed with the
cobas EGFR plasma test and BEAMing.

Results: The positive percent agreement (PPA) between cobas
plasma and tumor results was 73% (55/75) for activating muta-
tions and 64% (21/33) for T790M. The PPA between BEAMing
plasma and tumor results was 82% (49/60) for activating

mutations and 73% (33/45) for T790M. Presence of extrathoracic
(M1b) versus intrathoracic (M1a/M0) disease was found to be
strongly associated with ability to identify EGFR mutations in
plasma (P < 0.001). Rociletinib objective response rates (ORR)
were 52% [95% confidence interval (CI), 31 – 74%] for cobas
tumor T790M-positive and44%(95%CI, 25–63%) for BEAMing
plasma T790M-positive patients. A drop in plasma-mutant EGFR
levels to�10 molecules/mL was seen by day 21 of treatment in 7
of 8 patients with documented partial response.

Conclusions: These findings suggest the cobas and BEAMing
plasma tests can be useful tools for noninvasive assessment and
monitoring of the T790M resistance mutation in NSCLC, and
could complement tumor testing by identifying T790M muta-
tions missed because of tumor heterogeneity or biopsy inade-
quacy. Clin Cancer Res; 22(10); 2386–95. �2016 AACR.

Introduction
The introduction of first-generation EGFR inhibitors (erlotinib,

gefitinib) and subsequently afatinib for non–small cell lung
carcinoma (NSCLC) patients with activating somatic mutations
in EGFR has led to improved tolerability and efficacy compared
with first-line chemotherapy. However, while patients have expe-
rienced objective response rates (ORR) of 60% to 70%, almost all
ultimately develop resistance to therapy with an average progres-
sion-free survival (PFS) of 9 to14months (1–4). In approximately
60% of cases, resistance is mediated by the emergence of a second
mutation, T790M, in the tyrosine kinase domain of EGFR (5).
Rociletinib (CO-1686) is a novel, oral, irreversible tyrosine kinase
inhibitor for the treatment of patients with mutant EGFR NSCLC
that has demonstrated efficacy against the activating mutations
(L858R and del19) and the acquired primary resistance mutation
(T790M), while sparing wild-type EGFR (6). Promising clinical
activity has recently been reported from anongoing phase I/II trial
of rociletinib with a 59% ORR in a heavily pretreated, centrally
confirmed T790M mutation-positive patient population (7).

Precision medicine is a reality for NSCLC, with EGFR and
anaplastic lymphoma kinase (ALK) testing now integrated into
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the National Comprehensive Cancer Network (NCCN) and Col-
lege of American Pathologists (CAP) guidelines (8, 9). However
the acquisition of suitable tissue for molecular testing continues
to be a challenge. In a recent phase IV trial of gefitinib in newly
diagnosed patients with late-stage NSCLC, for example, approx-
imately 15% of patients had inadequate tumor sample formolec-
ular analysis, and a number of patients were poor candidates for
biopsy due to comorbidities (10). In a later-line setting, the
availability of suitable tumor tissue may be even more limited.
The use of circulating tumor DNA (ctDNA) from plasma has
shown promise in overcoming the challenges posed by tissue-
based testing (11). In addition to being minimally invasive, the
assessment of ctDNAhas the potential to overcome sampling bias
due to spatial and temporal genetic heterogeneity of tumor
samples that has been observed for NSCLC and other cancers
(12, 13).

Several published studies have demonstrated that the detection
of EGFRmutations is feasible in plasma (1, 14–19). Technologies
that have been evaluated include ARMS/Scorpions PCR, WAVE,
digital PCR, PNA-clamp, and deep sequencing–based
approaches. Performance is typically assessed by benchmarking
plasma results against those of matched tumor tissue in patients.
Most of these studies have been small and retrospective in nature.
They have also focused on the detection of activating mutations
rather than the acquired resistance mutation T790M as rebiopsy
after initial therapy is not always feasible. It is in the context of
acquired resistance to targeted therapies, where rebiopsy may not
be readily attainable and tumor heterogeneity is likely greater than
in a newly diagnosed setting, that the potential diagnostic utility
of ctDNA may be greatest.

Here we report results from a large prospective series of
matched tissue and plasma samples drawn from an ongoing
phase I clinical trial of rociletinib and an observational study.
Our primary objective was to assess detection of the T790M
resistance mutation in patients with acquired resistance to first-
and second-generation EGFR tyrosine kinase inhibitor therapy.
We evaluated the cobas EGFRmutation test, a test platform based

on allele-specific PCR.We also tested a partially overlapping set of
plasma samples for EGFR mutations using BEAMing (Beads,
Emulsions, Amplification and Magnetics), a technology based
on digital PCR, and compared the results to the cobas plasma test
results. To investigate the diagnostic utility of plasma EGFR
testing, we also evaluated ORR based on plasma EGFR status in
the subgroup of phase I study patients who were treated at
therapeutic doses of rociletinib.

Materials and Methods
Study design and patients

The observational, multicenter study sponsored by Clovis
Oncology enrolled patients between April 2011 and June 2013
and was designed to prospectively collect matched blood and
tumor tissue from newly diagnosed or relapsed patients with
advanced (stage IIIB, IV) NSCLC. The observational study proto-
col allowed enrollment of patients without a requirement for
documented evidence of an EGFR mutation. Data from local
testing is incomplete; only central testing results are presented
here. Eligible patients were undergoing, or had recently under-
gone, a clinically indicated biopsy or rebiopsy and signed an
EthicsCommittee/Institutional ReviewBoard (EC/IRB)-approved
consent prior to donating a blood sample and matched FFPE
tumor tissue. Patients in the observational study did not receive
rociletinib.

Clovis-sponsored trial CO-1686-008 (NCT01526928 known
as TIGER-X) is an ongoing multicenter interventional study com-
prising a phase I dose-escalation part and a phase II part. All
patients signed an EC/IRB-approved consent prior to any proce-
dures. The primary objectives of phase I were to assess safety,
tolerability, and pharmacokinetic parameters of rociletinib. Sec-
ondary endpoints included assessment of objective response rate
(ORR) by RECIST (Response Evaluation Criteria in Solid Tumors)
version 1.1, duration of response (defined as the time from first
observation of response until RECIST-defined progression), and
progression-free survival (PFS; defined as the time from first dose
until RECIST-defined progression or death). On the basis of the
dose–response relationship observed in the phase I study, ther-
apeutic doses were defined as 900 mg twice daily free base
formulation, and 500 mg twice daily and 625 mg twice daily
HBr formulation. All patients enrolled in TIGER-X were required
to have documented evidence of an EGFR-activating mutation in
their medical history. Further details of the CO-1686-008 study
design have been published previously (7).

Sample collection and processing
Blood samples for cobas and BEAMing testing were collected in

K2 EDTA tubes (up to four, 6-mL Vacuettes), processed into
plasma within 30 minutes (1,800 � g for 10 minutes at 18–
23�C), and stored at�70 �Cor below before processing. Formost
patients, 2mLof plasmawere used forDNApurification and inno
case was <1 mL plasma used. For BEAMing, DNA was extracted
using the QIAamp DNA Circulating Nucleic Acid Kit according to
the manufacturer's instructions. For the cobas plasma test, DNA
was extracted as described previously (20). The leukocyte fraction
of the blood was not collected, and germline EGFR status was not
assessed.

For all phase I study patients, matched plasma was collected
within 28 days of tumor biopsy. Plasma not obtained prior to
biopsy was collected �7 days later to minimize risk of artificially
elevating ctDNA levels following the biopsy procedure.

Translational Relevance

Several studies have demonstrated that EGFR mutation
detection in the plasma of newly diagnosed NSCLC patients
is feasible. However, detection of the acquired resistance
mutation T790M in relapsed patient plasma has not been
broadly assessed. Here we use two sensitive plasma testing
methodologies to evaluate EGFR activating and T790Mmuta-
tion detection in contemporaneously matched tumor and
plasma, mostly from a phase I study of the third-generation
EGFR inhibitor rociletinib. Plasma assays identified T790M
resistance mutations missed by biopsy because of tumor
heterogeneity or lack of adequate/available tumor tissue.
Response rates for rociletinib were similar in T790M-positive
patients whether identified by plasma or tumor tests (ORR:
44% vs. 52%). These data suggest plasma testing will be a
useful complement to tumor testing, particularly in the setting
of acquired resistancewhere tumor heterogeneity is likely to be
greater and rebiopsy more challenging than in newly diag-
nosed patients.

Plasma/Tissue EGFR Analysis from a Phase I Rociletinib Study
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For all tissue specimens, DNA from one 5-mm section was
extracted for cobas EGFR testing. Tumor content was assessed by
board-certified pathologists using hematoxylin and eosin (H&E)-
stained sections. Tumor specimens were considered evaluable if
the tumor content was�10%. If the tumor content was <10%, the
specimen was still considered evaluable if tumor cells were
present and macrodissection was performed, or if the mutation
results were the same in both tumor and plasma (four cases for
cobas test; two cases for BEAMing). Testing with the cobas EGFR
tissue test was done at Roche Molecular Systems and at Carolinas
Pathology Group.

EGFR mutation analysis
For all patient samples in both the observational and phase I

studies, the cobas EGFR tissue test (Roche Molecular Systems,
Inc.) was used to perform EGFR mutation analysis on DNA
extracted fromFFPE tumor tissue. All patients in the observational
study and a subset of patients in the phase I study had ctDNA from
plasma tested with the cobas EGFR plasma test. The cobas EGFR
tissue and plasma tests have been described previously (21, 22).
See Supplementary Methods for further details.

The principles and details of BEAMing (Symex Inostics GmbH)
havebeendescribedpreviously (23). See SupplementaryMethods
for further details.

A comparative evaluation of additional EGFR testing platforms
included OnTarget (Boreal Genomics) and droplet digital PCR
(ddPCR; Bio-Rad) technologies. For OnTarget, target mutant
sequences were first enriched using a hybridization-based
approach. EGFRmutationswere then identified from the enriched
fraction using next-generation sequencing. Methodological
details for OnTarget have been described elsewhere (24). For
ddPCR, details of the assay design, primers and probes, and a
detailed protocol have been described previously (25).

Statistical analysis
Correlation between ability to detect mutations in plasma and

clinical characteristics was calculated using a logistic regression
model with the following covariates: age (treated as a continuous

variable), sex (female or male), lines of previous therapy (treated
as a continuous variable), smoking status (never vs. former
smoker), Eastern Cooperative Oncology Group (ECOG) perfor-
mance status (0 vs. 1), race (white vs. non-white), tumor burden
(SLD treated as a continuous variable), and disease classification
(M0/M1a vs. M1b). Tumor type (adenocarcinoma vs. other) and
tumor stage (IIIB/IV vs. other) were not included in the analysis
because the vast majority of patients were stage IIIB/IV with
adenocarcinoma. The threshold for statistical significance for all
analyses was considered to be P < 0.05.

Results
Patient characteristics

The patients described in the present analysis were enrolled in
two separate studies: (i) an observational study of newly diag-
nosed and relapsed NSCLC patients and (ii) a phase I trial of
rociletinib in patients who had received at least one prior EGFR
inhibitor and had an EGFR activating mutation in their medical
record, but who could have either T790M-negative, positive, or
unknown status (7). The clinical characteristics of the patients are
described in Supplementary Table S1.

A total of 174 patients provided consent for tissue and plasma
testing (n ¼ 94 from the phase I study and n ¼ 80 from the
observational study). We obtained usable matched tumor and
plasma samples from 153 patients; 94 from the phase I and 59
from the observational study (Fig. 1). All patients from the phase I
study had FFPE tumor tissue obtained after progression on their
previous therapy andprior to initiating treatmentwith rociletinib.
Baseline plasma blood drawswere obtainedwithin 4weeks of the
tissue biopsy. The majority of biopsy specimens (66/94, 70%)
were core-needle biopsies (Supplementary Table S1).

For the observational study, 84% (60/71) of patients had
matched plasma collected before therapywas initiated andwithin
60 days of tumor biopsy. Biopsies included tumor (55%), cytol-
ogy (37%), and unknown (8%) specimen types. The majority of
genotyping results were valid for both tumor and cytology speci-
mens (Supplementary Table S1).

174 Total pa�ents 
consented

153 Total pa�ents with         
matched tumor/plasma

1 had matched tumor 
and plasma tested by 
cobas®, and T790M+ 

plasma status confirmed 
by BEAMing

58 had matched 
tumor and plasma 

test by cobas®

Observa�onal study 
80 Pa�ents undergoing a clinically indicated 
biopsy or re-biopsy signed consent to donate 

remaining tumor �ssue, if available, and a 
matching blood sample 

49 Matched tumor and blood specimens were 
submi�ed; an addi�onal 10 cases with matched 
tumor and blood were obtained from Indivumed

GmbH

CO-1686 Phase I 
94 pa�ents signed consent and provided matched 

tumor and blood specimens collected during the 28-
day screening period

17 had matched 
tumor (for cobas® 

tes�ng) and plasma 
(for cobas® tes�ng)

43 had matched 
tumor (for cobas® 

tes�ng) 
and plasma (for 

BEAMing) 

34 had matched 
tumor (for cobas® 

tes�ng) and plasma 
(for cobas® and 

BEAMing)

EDCA B
Figure 1.
Flow diagram of study design. A total of 174 patients were consented: 80 patients for the observational study; 94 patients for the phase I study. A total of
153 patients had matched tumor and plasma samples. Cobas plasma testing was performed on 110 patients from the observational and phase I studies (boxes
A þ B þ C þ D); BEAMing plasma testing was performed on 77 phase I patients (boxes D þ E) and on one patient from the observational study (Box B)
who was T790M-negative in tumor to confirm cobas plasma test T790M-positive status.
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Assessment ofmatched plasma and tumor with the cobas EGFR
mutation test

A total of 110 patients had EGFR mutation status assessed in
both plasma and tumor with the cobas EGFR mutation test
(patient subsets A þ B þ C þ D, Fig. 1), a qualitative test
methodology based on allele-specific PCR (21). Of these, 75
cases were identified with EGFR-activating mutations in tumor
specimens (Table 1), including 19 newly diagnosed patients from
the observational study and 56 later line patients. The same
activatingmutation(s) was identified in 55 corresponding plasma
samples tested with the cobas plasma test, yielding a positive
percent agreement (PPA) of 73% with tumor as the reference
sample type. Notably, there were no cases in which an activating
mutation was found in plasma but not in tumor DNA. The two
most common activatingmutations, L858R and del19mutations,
had a similar PPA and NPA between plasma and tumor (Sup-
plementary Tables S2 and S3). Ninety-three percent of activating
mutations identified were either L858R or del19. We also iden-
tified patients with S768I, G719X, and L861Q mutations as well
as exon 20 insertions (Supplementary Table S3). Five patients had
compound activating mutations. For all patients, the same acti-
vating mutations were identified in tumor and plasma.

We then examined concordance for T790Mmutation status by
cobas testing in the same series of matched tumor and plasma
DNA (Table 1). T790M mutations were identified in 33/110
tumor samples. In 21 of these, T790M was also identified in the
corresponding plasma sample for a PPA of 64%. One patient had
a T790M mutation identified in plasma but not tumor DNA. A
replicate aliquot of plasma from this patient was also tested by
BEAMing andwas confirmed to be T790M-positive at a level of 29
molecules/mL.

Baseline plasma EGFR assessment by BEAMing
Seventy-seven patients from the phase I study, all having

received at least one previous line of EGFR inhibitor therapy,
had their plasma EGFR mutation status assessed by BEAMing
(patient subsets D þ E, Fig. 1), a quantitative method based on
digital PCR followed by flow cytometry (23). Fourteen of these
patients had a tumor biopsy that was inadequate for EGFR
analysis, three were activating mutation-negative in tumor, and

18were T790M-negative in tumor (Supplementary Table S4). The
PPA between the BEAMing plasma test and cobas tumor test was
82% (49/60) for activating mutations and 73% (33/45) for
T790M. There were nine patients with T790Mmutations detected
in plasma that were not detected in tumor and nine additional
patients with T790M mutations in plasma who did not have a
tumor sample adequate formolecular analysis. Therefore, overall,
theBEAMingplasma test identifiedmore T790M-positive patients
(51) than did the tumor test (45) in the 77-patient subset. The
median number of mutant molecules/mL in plasma was 38
(range, 0–12,872) for activating mutations and nine (range, 0–
6,838) for T790M (Fig. 2A).

Comparison of plasma mutation detection between different
technology platforms

There were 35 patients for whom we had both BEAMing and
cobas EGFR plasma test results from replicate samples (patient
subsets BþD, Fig. 1). The agreement betweenBEAMing and cobas
tests in plasma was 86% (30/35) for activating mutations and
83%(29/35) for T790M (Supplementary Table S5). For activating
mutations, there were three cases where the cobas test detected a
mutation not identified by BEAMing and two cases where BEAM-
ing detected a mutation not identified by cobas test. For T790M,
there was one case where the cobas test detected a mutation not
identified by BEAMing and five cases where BEAMing detected a
mutation not identified by cobas test. Of note, all discordant cases
thatwere positive byBEAMing andnegative by cobas test occurred
at �6 molecules/mL.

There were 8 cases among the 35 patients tested who were
T790M-positive in tumor but T790M-negative in plasma by both
BEAMing and cobas EGFRplasma tests. To investigatewhether the
inability to detect T790M in plasma in these cases might be a
limitation resulting from the biology of NSCLC rather than the
testing platform, we tested baseline plasma from 14 low-copy
patients (<30 copies/mL by BEAMing) among the 35 patient
subset, including 5 of the T790M tumor–positive/plasma-nega-
tive cases, by ddPCRandOnTarget (Boreal Genomics) technology
platforms (Supplementary Table S6). The five T790M tumor–
positive/plasma-negative cases were negative in plasma by all
technology platforms.

Table 1. Concordance between tumor and cobas plasma test EGFR status

Cobas tumor test mutation status
Mutation positive Mutation negative Inadequate tissue Total

Cobas plasma test
Activating mutation
Mutation positive 55 0 13 68
Mutation negative 20 24 3 47
Total 75 24 16 115a

T790M
Mutation positive 21 1 3 25
Mutation negative 12 61 12 85
Total 33 62 15 110

Activating mutations (tumor as reference) 95% CI
PPA 73% (55/75) (62%–83%)
Negative percent agreement 100% (24/24) (86%–100%)
Overall percent agreement 80% (79/99) (71%–87%)

T790M (tumor as reference) 95% CI
PPA 64% (21/33) (45%–80%)
Negative percent agreement 98% (61/62) (91%–100%)
Overall percent agreement 86% (82/95) (78%–93%)

Abbreviation: CI, confidence interval.
aFive patients had two activating mutations identified; each activating mutation was counted individually.
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Clinical characteristics that impact identification of EGFR
mutations in plasma

Previous studies have suggested that ctDNA levels in patient
plasma are associated with tumor burden (26, 27). To assess this,
we explored possible associations between EGFRmutation detec-
tion in plasma by BEAMing and tumor burden in the 77 phase I
patients with a BEAMing plasma test result (patient subsets D þ
E, Fig. 1), 75 of whom had available target lesion data. No
association was observed between tumor burden (sum of target
lesions) and the ability to identify EGFR mutations in plasma
(Supplementary Fig. S1).

However, TNM staging revealed that 11 of 13 T790M tumor–
positive patients who did not have identifiable T790M muta-
tions in plasma had M0 or M1a NSCLC. An M0 or M1a disease
classification denotes there is no radiographic evidence of
cancer beyond the thoracic cavity, whereas M1b staging is
consistent with a spread to distant metastatic sites. We therefore
interrogated whether a more general association might exist
between M stage and the ability to identify mutations in
plasma. A subgroup of the 77 phase I patients with a BEAMing
plasma test result was EGFRmutation–positive and had known

M0/M1a/M1b status. Among 55 patients with M1b (extrathor-
acic metastatic) disease, 52 (95%) had activating mutations
detected in plasma (Table 2). Conversely, among patients with
M1a (intrathoracic metastases) only 39% (7/18) had EGFR-
activating mutations identified in the plasma (M1a vs. M1b: P <
0.001). Similarly, T790M mutations were more commonly
identified in the plasma of M1b versus M1a patients with a
96% detection rate for T790M in the plasma of M1b patients
versus 27% for M1a (Table 2). M1b patients had higher levels
of both activating mutations and T790M in plasma than did
M1a patients (P < 0.001; Fig. 2B and C). We were able to
confirm these initial observations in 72 patients, 34 of which
overlapped the initial BEAMing dataset, using the cobas EGFR
plasma test (P < 0.001; Supplementary Table S7).

We performed a logistic regression analysis to look for other
clinical characteristics that might predict the ability to identify
EGFR mutations in plasma including M stage, age, gender, race,
performance status, smoking status, tumor burden, or lines of
previous therapy. No variables other thanM stage were associated
with the ability to identify EGFR mutations in plasma (data not
shown).
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Figure 2.
EGFR-mutant molecules per mL at baseline in phase I patients tested by BEAMing. A, distributions of EGFR-activating mutation and T790M-mutant molecules in
baseline plasma by BEAMing. Comparison of EGFR-activating mutation (B) and T790M (C) levels in plasma by M stage classification. Solid lines represent
median values. For M0/M1a patients, the median values were 0 molecules/mL. The P values shown were derived from a Mann–Whitney test.

Table 2. EGFR mutation detection by BEAMing and NSCLC disease classification (n ¼ 75)

EGFR Mutation
Disease
classification

Patients
with mutationa

Subset with mutation
in plasma Percentage Pb

Activating mutations M1a/M0 18 7 39%
M1b 55 52 95% <0.001

T790M M1a/M0 15 4 27%
M1b 49 47 96% <0.001

aIncludes patients with an EGFR mutation detected in tissue only, plasma only, or both tissue and plasma.
bFisher exact test used for comparisons.
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Efficacy of rociletinib by tumor and plasma EGFR status
There were 34 patients from the phase I study with matched

cobas tissue and BEAMing plasma results who were treated at
therapeutic doseswith rociletinib (500 or 625mg twice dailyHBr,
900mg free base formwith transition to 500mg twice daily HBr).
The ORR, defined as confirmed response assessed using RECIST
1.1, for patients with a T790M-positive tumor result (n ¼ 21),
independent of plasma status, was 52% (Fig. 3). The ORR for
patients with a T790M-positive plasma result (n ¼ 25), indepen-
dent of tumor status, was 44%. For patients who were T790M-
positive in both tumor and plasma (n ¼ 15), the ORR was 53%.
Among six cases that were T790M tumor–positive/plasma-nega-
tive there were three responders. There were four patients who
were T790M tumor–negative/plasma-positive and one had a
partial response which included tumor shrinkage in the biopsied
lesion. Three patients were negative for T790M in both tissue and
plasma, and none of these responded. In addition, six patients
identified as T790M-positive by the plasma test had biopsies that
were inadequate for molecular analysis, and two of these had
responses. The ratio of the level of T790M to activating mutation
in plasma was found to be associated with depth of response to
rociletinib as reported previously (13), with higher ratios gener-
ally corresponding to greater tumor shrinkage of target lesions
(P ¼ 0.004; Supplementary Fig. S2).

Changes in plasma mutant EGFR in response to rociletinib
A small subgroup of patients from the phase I study (n ¼ 24)

were evaluated for changes in EGFR mutation levels with rocile-
tinib treatment based on BEAMing. Plasma was obtained just
prior to dosing on day 1 (baseline), and at day 8 and day 21 of
treatment. Patients were selected after response to rociletinib was
known, to create approximately equal sized samples. Eight
patients had a partial response (PR), eight patients had stable
disease (SD), and eight patients had progressive disease (PD) as
their best response. Three additional patients provided plasma at
the time points assessed (two PR and one SD), but were excluded
from the analysis because of either dose interruptions during the

assessment period or very low plasma EGFR titers (<10 copies) at
baseline.

Patients with PR as best response experienced a rapid drop in
EGFR-activatingmutation levels, which fell to�10molecules/mL
by day 21 in all but one patient (Fig. 4A). In comparison, patients
with PD as best response did not have significantly different
mutant EGFR levels in plasma at day 1 (PR vs. PD at day 1:
P ¼ 0.51), but had only modest decreases in activating mutation
levels byday 21 (PRvs. PDat day 21:P¼0.01). An exceptionwas a
PD patient who experienced a drop in EGFR-activating mutation
levels to undetectable by day 21. This patient had progression due
to the development of a brain lesion but 25% tumor shrinkage in
target lesions, suggesting clinical benefit from rociletinib that is
not reflected in the RECIST classification of PD. We also investi-
gated early changes in plasma T790M in response to the intro-
duction of rociletinib. In contrast to what was observed for the
activating mutation, all but one patient experienced a drop in
T790M plasma levels to�10 molecules/mL by day 21, regardless
of clinical outcome (Fig. 4B).

Discussion
In NSCLC and other cancers, molecular testing is becoming an

integral part of patient management. However, tumor biopsies
from NSCLC patients can present challenges for molecular anal-
yses due to inadequate or insufficient sample material, tumor
heterogeneity, or the presence of lesions that are inaccessible to
needle biopsy in patients at risk for complications due to comor-
bidities. These challenges are accentuated in a later line setting
because rebiopsy may not be feasible and tumor heterogeneity
may be greater in patients with acquired resistance to targeted
therapies. Previous studies have shown that the detection of
mutations in blood, specifically in circulating tumor DNA
(ctDNA) fromplasma, can potentially overcome these limitations
(1, 14, 16–18). Using a series of matched blood and plasma
samples drawn from two studies, we have extended these obser-
vations to a large cohort of NSCLC patients with a focus on the
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acquired resistance mutation T790M where existing data from
published studies is limited (25). A strength of our study is that
>90%of all cases evaluated hadmatched tumor tissue andplasma
prospectively collected within 60 days of one another.

With tissue as the reference method, the positive percent
agreement (PPA) observed for activating mutations between
plasma and tumor was 82% for BEAMing (49/60) and 73% for
the cobas test (55/75). These results are similar to data for the
cobas test from an analysis of 238 Asian lung cancer patients (22).
They also compare favorably with two large studies that used
allele-specific PCR (43%; 22/51; ref. 28) and (66%; 69/105;
ref. 10), one that used protein-nucleic acid (PNA)-mediated PCR
(59%; 97/164; ref. 1), and one that used a denaturing high-
performance liquid chromatography (DHPLC) method (82%;
63/77; ref. 29). Higher sensitivities have been observed for blood
with respect to tumor, but these have been in small studies of
fewer than 20 patients (30, 31). With respect to detection of the
T790M resistance mutation in plasma, we observed a slightly
lower PPA than for activating mutations (73% for BEAMing, 64%
for cobas test), reflecting the lower overall allelic burdenof T790M
seen in plasma relative to the activating mutation. BEAMing and
cobas platforms are based on different technologies, and the rate
of concordance we observed is impacted by both the biologic
differences between tumor tissue and plasma as well as the
technologies used for mutation detection.

The generally low level of plasma T790Mobserved in our phase
I patients (median ¼ 9 molecules/mL) reinforces a requirement
for use of sensitive plasmadetectionmethodologies in this patient
population. Indeed, a significant fraction of patients with tumor
EGFR mutations did not have mutations detected in plasma by
either BEAMing or cobas tests. One explanation is that neither
cobas nor BEAMing plasma assays have the required analytical
sensitivity to identify low copy mutations. This seems unlikely
given that BEAMing should identify as few as two EGFR-mutant
molecules in a background of 10,000 genome equivalents (GE;
ref. 23), while the cobas EGFR plasma test can identify EGFR
mutations at a level of 0.1% (22). In addition, we assessed several
of the EGFR plasmamutation-negative, tumormutation–positive
cases described here with two other sensitive methodologies
based on digital PCR and ultra-deep sequencing, and were not
able to identify plasma mutations with these approaches either.
This suggests that it is not a limit of platform sensitivity, but rather
the biologic features of NSCLC that affects our ability to identify
plasmamutations. That is, someNSCLC patients, even on disease
progression, may only shed very low quantities of DNA into the
systemic circulation. Of note, the ability to detect ctDNA targets in
plasma appears to depend on tumor type, with some cancers such
asmetastatic breast cancer having sensitivities approaching 100%
using BEAMing while others, such as glioma and prostate cancer,
may be <50% (32, 33).
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One approach to circumvent the challenges posed by biology
would be to simply use larger plasma input volumes. To this
end, we are currently exploring the extent to which volumes
greater than the 2 mL used in this study improve sensitivity.
Another approach would be to identify favorable clinical char-
acteristics that increase the likelihood that somatic alterations
in ctDNA will be detected in plasma, and to use these clinical
criteria to identify those patients most suitable for a plasma
test. Tumor burden has previously been shown to be related to
the level of ctDNA in plasma (27, 34). However, in our NSCLC
cohort, we found only a trend toward association between
tumor burden and the ability to identify plasma-mutant EGFR.
Indeed, two tumor EGFR mutation–positive/plasma mutation-
negative patients had among the highest tumor burden in our
phase I study. A limitation of our study and other published
studies is that the measurement of tumor burden was based
exclusively on target lesions as measured by the sum of the
longest diameters, and did not incorporate nontarget lesion
data, which can be extremely challenging to quantitate.

In contrast, intrathoracic (M0/M1a) versus extrathoracic
(M1b) disease status was a better predictor of ability to detect
plasma-mutant EGFR. Over 90% of M1b patients with EGFR
mutations (del19/L858R or T790M) identified in tumor biop-
sies had the corresponding mutations identified in plasma. A
potential limitation of an EGFR plasma test based on ctDNA is
the lower rate of mutation detection in M1a patients (39% for
activating mutations, 27% for T790M by BEAMing in our
study). Further prospective clinical studies are required to
determine if and how M stage should be taken into account
for plasma EGFR testing in the clinic. It is noteworthy that M1a
patients constitute a minority (�25%–30%) of our advanced
stage NSCLC clinical trial patient population. Tseng and col-
leagues also recently observed that detection sensitivity of
del19 and L858R mutations was higher in M1b compared with
M1a patients (35).

In published studies comparing tumor and plasma data, the
tumor result has been considered the reference, and in some
cases, even a gold standard. Indeed, all of the data reported in
the current study was benchmarked to the tumor result. A
shortcoming of using tumor as reference is that false negatives
will invariably occur because of either low tumor cellularity or
tumor heterogeneity. Heterogeneity of the T790M resistance
mutation, for example, has been found both within and
between individual lesions (36). In our study, there were nine
cases where the T790M mutation was identified in plasma by
BEAMing but not in the matched tumor tissue by cobas test
(Supplementary Table S4). Eight of these were tested again
using a second independent technology platform, either cobas
plasma test or OnTarget, and all but two very low copy
BEAMing plasma results were confirmed. This argues that the
plasma mutations identified in these cases are true positives
and the tumor results are false negatives. The cobas EGFR tissue
test has a limit of detection for the T790M mutation of 2.0%
(37). This is within EGFR testing guidelines which recommend
T790M mutation detection in FFPE specimens in as few as 5%
of tumor cells (9), and therefore the use of the cobas EGFR
tissue test as comparator in this study was appropriate.

An additional consideration for a plasma test is how well it
identifies potential responders to a targeted therapy compared
with the standard tumor test. In this respect, the ORR for T790M-
positive patients as identified by BEAMing was similar to that of

patients identified by the tumor test (44% and 52%, respectively).
Plasma testing also identified three responders missed by the
tumor test, further supporting its potential use as a complement to
the tumor test. A drawback of this comparison is that it is based on
a small number of plasma cases (n¼ 25) with a likely bias toward
tumor T790M-positive patients. Preliminary ORR data from a
much larger cohort of patients from the combined phase I and
phase II portionsof the trial (n¼247)were shown tobe consistent
with data presented here (38).

A further application of plasma mutant EGFR is as a pharma-
codynamic marker in clinical trials (19). In our phase I study, the
EGFR-activating mutation in plasma rapidly fell to low levels in
patients who ultimately experienced a RECIST response while on
treatment with rociletinib. In contrast, patients with PD as best
response had a much more modest decrease in plasma-activating
mutation levels following the introduction of rociletinib. Inter-
estingly, T790M levels rapidly decreased in the plasma of almost
all patients, regardless of clinical outcome. We hypothesize that
the rapid decline in plasma T790M reflects potent activity against
the T790M subclonal population of the tumor burden, even in
patients who may have primary resistance to rociletinib. Further
investigation is ongoing to confirm this hypothesis.

In January 2015, the therascreen EGFR plasma test was
approved for usewith thefirst-generation EGFR inhibitor gefitinib
as a companion diagnostic in the European Union. The high
specificity and sensitivity of both cobas and BEAMing plasma
EGFR tests suggests these tests, too, have clinical applications. For
example, 23% (22/94) of patients from the phase I trial did not
have a tumor tissue specimen that was adequate for molecular
analysis, a figure similar to what has been observed for other
clinical studies in NSCLC (10, 39). These patients could benefit
from an EGFR blood test rather than be immediately subjected to
a repeat biopsy. In addition, a reflex testingmodel where an EGFR
blood test is performed first, followed by a biopsy if the blood test
is negative, may be appropriate for some patients. A reflex testing
modelmight be particularly well suited for patients with acquired
resistance, where the challenges of tumor heterogeneity and
rebiopsy are likely to be greater than for newly diagnosed patients.
Both cobas and BEAMing tests are reliable, have short turnaround
times of 5 to 10days from sample receipt to report generation, and
have been standardized and extensively validated. These factors
and the favorable tumor/plasma comparison data from the cur-
rent study demonstrate that plasma-basedEGFR testing could be a
viable complement to tumor-based testing, or an alternative
where tumor tissue is not available, for the clinical management
of NSCLC patients.
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