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Abstract

Background: Plasma cfDNA evaluation at acquired resistance to targeted therapies in lung
cancer is routine, however, reports of extended clinical application and pitfalls in laboratory
practice are still limited. In this study we describe our experience with cfDNA testing using EGFR
T790M as a prototype.
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Methods: Patients with metastatic EGFR-mutant NSCLC patients who underwent plasma EGFR
T790M testing at acquired resistance to EGFR tyrosine kinase inhibitors (EGFR-TKI) from
January 2016 through August 2017 were identified. Molecular laboratory records were reviewed
to assess performance of testing by digital PCR, concordance between plasma and tissue testing,
turnaround time (TAT), plasma T790M variant allele frequency (VAF), and its correlations with
metastatic sites and clinical outcomes.

Results: 177 patients underwent T790M cfDNA testing during this period. Plasma T790M was
positive in 32% of patients. The median TAT was shorter for plasma T790M compared to tissue
PCR (9 vs. 15 days, P<.0001), and led to osimertinib use in 84% of positive patients. In 52
patients with plasma and tissue T790M evaluation, the concordance was 77%. Plasma T790M
VAF did not correlate with time to osimertinib discontinuation (P=.4). Plasma T790M status
correlated with a higher number of metastatic sites (4 vs. 3, P<.001) and bone metastases
(P=.0002).

Conclusion: Plasma EGFR T790M testing had shorter TAT compared to tissue testing, however,
it was longer than anticipated. Test sensitivity is higher in patients with osseous metastases and
with higher metastatic burden suggesting a more limited role for early detection. T790M VAF was
not associated with clinical outcomes.
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Introduction

Non-small cell lung cancer (NSCLC) represents a burgeoning field for the development of
molecularly targeted therapies [1]. With this aim, oncologists have relied on tumor biopsies
for genomic profiling, however, biopsies of the primary tumor or metastatic sites are subject
to sampling bias due to tumoral heterogeneity [2]. In recent years, technological advances
have enabled the identification of tumor derived somatic alterations in plasma due to the
analysis of cell-free DNA (cfDNA), RNA (cfRNA) and exosomes [3]. cfDNA is primarily a
derivative of ruptured leucocytes, with a very small fraction derived from tumor cells called
circulating-tumor DNA (ctDNA). The concentration of ctDNA varies based on the type,
location, and staging of the tumor. In most advanced cancers, including NSCLC, ctDNA is
detectable in >60% of patients [4,5]. Among the multiple potential clinical applications of
this technology are: (1) primary tumor genotyping if tumor biopsies are not available, (2)
early detection of relapse, (3) monitoring of patient’s response to systemic therapy and (4)
detection of resistance mutations in patients treated with targeted therapies [6]. The latter
application has been developed successfully in EGFR-mutant NSCLC during the recent
years. The most frequent on-target resistance mechanism to first/second generation EGFR
tyrosine-kinase inhibitors (TKIs; erlotinib, afatinib, gefitinib) is the EGFR T790M mutation,
accounting for approximately 60% of cases [7]. Several PCR based techniques can be used
for the detection of EGFR mutations in cfDNA including Cobas, BEAMing (beads,
emulsion, amplification, and magnetics), digital polymerase chain reaction (dPCR) and next
generation sequencing (NGS), with variable sensitivities, quantification capabilities and
reported concordance with concurrent tissue biopsy results [8-10]. Among many of the
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platforms, digital PCR techniques have been the most extensively used showing high
specificity and higher sensitivity than other platforms with a detection limit of 0.02% [10—
14]. Compared to NGS, dPCR only provides targeted assessment of a single or a few known
alterations but turnaround times are significantly shorter facilitating more rapid treatment
decisions. Quantification and dynamic monitoring of EGFR T790M plays an important role
in determining the treatment strategy. The third generation EGFR-TKI osimertinib has
demonstrated potent and irreversible efficacy to acquired £EGFR T790M mutations after
treatment with first/second generation EGFR-TKI with a response rate above 60% [15,16].
The detection of T790M in cfDNA can guide the indication of osimertinib leading to similar
outcomes to those of patients positive by a tissue-based assay [17]. Subsequently, the US
Food and Drug Administration (FDA) approved a blood-based companion diagnostic for
osimertinib to detect EGFR T790M in plasma [18,19]. However, biologic factors influencing
ctDNA detection are poorly understood. Furthermore, the clinical performance of this
strategy has not been adequately characterized in the real-world clinical setting, particularly
the relevance of the variant allele frequency (VAF) for T790M.

In this study, we aim to assess the clinical performance of cfDNA samples using the EGFR
T790M mutation as a prototype. We evaluate the clinical utility of testing with a dPCR
platform at the time of clinical progression to first/second-generation EGFR-TKI and
explore its correlation with clinical outcomes in EGFR-mutant NSCLC patients treated with
the third-generation EGFR-TKI osimertinib. We also outline some of the laboratory aspects
that are important in the overall incorporation of a cfDNA assay in clinical practice.

Material and Methods

Patients

This is a single center retrospective study of patients treated at Memorial Sloan Kettering
Cancer Center (MSK). We included all patients with EGFR-mutant lung cancers who were
treated with EGFR-TKIs between January 2016 - August 2017 and underwent ctDNA
T790M testing at the time of acquired resistance. This study was approved by the MSK
Institutional Review Board and conducted in accordance with the Declaration of Helsinki.
Biospecimens in this study were obtained under the informed consent of a banking protocol.

Data collection

Clinical data was retrieved from the electronic medical records. Extracted data included
gender, age at diagnosis, stage, metastatic sites, smoking status, treatment history, and
clinical outcomes. Staging was based on the seventh edition of American Joint Commission
on Cancer staging criteria.

ctDNA T790M evaluation

For all patients, peripheral blood was collected in 2 Streck DNA BCT tubes (Streck, La
Vista, NE) at the time of clinical resistance, which was defined by the treating oncologist
based on the radiological assessment of progression of disease. The tubes were centrifuged
to isolate plasma and cfDNA was extracted using a chaotropic silica-bead-based chemistry,
MagMax Cell-Free DNA isolation Kit, (Thermo Fisher Scientific, Waltham, MA USA)
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according to the manufacturer’s instructions. cfDNA concentration was determined by 2200
TapeStation (Agilent, Santa Clara, CA, USA). EGFR T790M testing was performed using
picodroplet dPCR as previously described [9]. In brief, this technique was performed to
amplify part of EGFR exon 20 in the presence of fluorescent probes specific to the wild-type
and mutant alleles. Fluorescent droplet counts were analyzed on a RainDance Sense
instrument (Bio-Rad, Hercules, CA, USA); results were compared to control counts. VAF
was calculated as: mutant / (wild-type + mutant) allele. Concordance was calculated to
tissue in patients who underwent tissue analysis with targeted next generation sequencing
(NGS) MSK-IMPACT™ (MSK-Integrated Mutation Profiling of Actionable Cancer Targets)
[20,21] and/or dPCR within 90 days of plasma blood draw. Turnaround time (TAT) for
ctDNA T790M testing was measured from the time of blood draw to the time of receipt of
report and measured in calendar days. TAT of tissue T790M evaluation was measured from
the time of the biopsy to the time of report.

Statistical Analysis

Results

Fisher exact test was used to identify significant associations between categorical variables.
Time to treatment discontinuation (TTD) was used as a surrogate for progression free
survival (PFS) [22,23]. TTD was defined as the time from start of EGFR-TKI to last dose
administered. TTD and overall survival (OS) were estimated from treatment start date using
the Kaplan-Meier method. Log-rank test was used to evaluate for associations between
categorical variables and survival. Patients without complete survival data were censored at
date of last follow-up. For patients with both plasma ctDNA testing and tissue testing for
EGFR TT790M, concordance along with an exact 95% confidence interval was evaluated. All
statistical tests were two-sided, and a P value of less than .05 was considered statistically
significant. The Bonferroni method was used to adjust for multiple comparisons. Statistical
software (SAS version 9.3) was used for statistical analyses.

Patients and clinical outcomes

During the study period, 177 applicable EGFR-mutant NSCLC patients were identified of
whom 56 (32%) had the T790M mutation detected by plasma dPCR. T790M status was
detected in tissue biopsy in 12 (21%) of ctDNA T790M(+) patients and in 40 (33%) of
CtDNA T790M(-) patients (Figure 1). In this cohort, median age of patients was 66 years
(range, 38 to 91) and most patients were non-smokers (53%). The most commonly used
initial EGFR-TKI was erlotinib (88%). There was no significant difference in baseline
characteristics between patients in whom T790M was detected and not detected by ctDNA
evaluation (Table 1). The average total cfDNA vyield in the 177 analyzed samples was 46 ng
(range, 3.94 to 660 ng) (Supplementary Figure 1). Using the total cfDNA recovered to the
maximum of 60 ng input, the occupied droplet count per sample averaged 9275 droplets
(range, 1268 to 53272 droplets). The failure rate was 1.1% (2/177 samples) with those
samples generating less than 500 droplets. In 31% of samples (55/177), the number of
droplets generated was <5,000.
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The TTD of first-line EGFR-TKI in ctDNA T790M(+) and () patients was 15.7 months and
16.9 months, respectively (HR 1.32, 95% CI1 0.93 — 1.88, P=.09) (Figure 2). There was no
difference in OS between these two groups (median OS 4.6 vs. 7.6 years, HR 1.39, 95% CI
0.77 — 2.48, P=.24). Median plasma EGFR T790M VAF was 0.98% (range, 0.1 to 49.5%),
lower than tissue T790M VAF (12.8%, range, 2.6 to 27.8%, P<.0001). In 47 patients with
CtDNA T790M(+) treated with osimertinib, patients with lower and higher than median VAF
had a similar TTD (HR 1.38, 95% CI 0.64 — 3, P=.4) and OS (HR 1.17, 95% CI1 0.42 — 3.2,
P=.76) (Figure 3).

Concordance ctDNA and tissue evaluation

Fifty-two patients had evaluation of T790M both in plasma and tissue with an overall
concordance of 77% (40/52, 95% CI1 63% — 87%). Among patients who tested positive for
plasma T790M, 83% (10/12, 95% CI 52% — 98%) were concordant on tissue evaluation.
Among patients who tested tissue positive, 50% (10/20, 95% CI 27% — 73%) were
concordant on plasma evaluation (Supplementary Table 1). The median TAT was shorter for
plasma T790M compared to tissue PCR (9 vs. 15 days, P<.0001), and led to osimertinib use
in 84% (47/56) of positive patients. Eighteen percent of the patients (32/177) had more than
1 cfDNA assessment (range, 2 to 4). All these patients had tested negative or equivocal for
T790M in the initial assessment; 4 patients who were previously ctDNA negative and 2 who
were equivocal were ctDNA T790M(+) in a subsequent evaluation.

Metastatic sites and correlation with ctDNA

Patients with ctDNA T790M(+) had a higher median number of metastatic sites compared to
those who were ctDNA T790M(-) (4 vs. 3, P<.001) (Supplementary Figure 2). There was a
higher percentage of ctDNA T790M(+) in patients with bone metastases compared to those
without osseous lesions (P=.0002). No association was found with other metastatic sites
(Table 2).

Discussion

In this study we have shown that in EGFR-mutant NSCLC patients, ctDNA T790M testing
at the time of clinical resistance to first/second generation EGFR-TKIs had high overall
concordance (77%) with corresponding tumor tissue-based testing. This is in keeping with
prior cross-platform studies using methods of similar sensitivity [10]. Importantly, however,
when patients are stratified into subsets, marked differences could be seen. For patients with
positive cfDNA results, concordance with tissue biopsy status was 83% while for those with
positive tumor tissue results, concordance with cfDNA dropped to 50%. These findings are
in line with the recommendation to retest using tumor tissue in patients with negative ctDNA
testing [2]. Our study also supports the notion that shedding of ctDNA is not equal for all
tumors and mutation detection can be affected by numerous factors such as mitotic rate,
necrosis, degree of vascularization and renal clearance, among many others. For metastatic
cancers, overall disease burden, bone or liver involvement are significant factors that may
favor ctDNA detection [24]. In our study, we confirm that ctDNA T790M was more likely to
be positive in patients with more metastatic sites, particularly in patients with osseous
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metastases, however, no significant associations were identified with liver involvement or
metastasis to other sites.

In a small proportion of patients, EGFR T790M status was positive in cFDNA but negative
by tissue biopsy. This highlights the unique capabilities of cfDNA in addressing the
sampling of tumors that may be highly heterogeneous. This is particularly relevant in the
setting of acquired resistance where only some metastatic lesions may harbor the mutation.

At a technical level, our study highlights important challenges and limitations one should
consider when implementing cfDNA testing in routine clinical practice. Although platforms
like dPCR and BEAMing have been well established among the existing technologies
providing the highest sensitivity levels with limits of detection as low as 0.1 to 0.01% (1 in
1000 to 1 in 10000), the ultimate sensitivity that can be attained by any assay is dependent
on the quantity of cfDNA recovered from the sample. For NGS assays interrogating multiple
genomic targets, the sensitivity can also be highly variable from target to target, often not
reaching beyond 1%. In our clinical cohort, the total cFDNA recovered varied widely from
patient to patient and 31% samples had total yields that limited the sensitivity of detection in
the range of 1 to 0.1%. While this can be circumvented by cfDNA extraction from multiple
tubes, there are also technical limitations in the handling of samples with very low cfDNA
content. In these cases, additional steps for sample concentration are required, adding to the
total turnaround time and often affecting the performance of the assays downstream.
Importantly, in the setting of resistance, while the detection of the sensitizing EGFR
mutation is often facilitated by the common co-occurrence of EGFR amplification, the
detection of the resistance mutation can be compromised by their subclonal nature.

In our cohort, while the median TAT of nine days was shorter for plasma T790M compared
to tissue PCR, this was longer than expected based on the hands-on time for the performance
of the assay (3 days). The ultimate TAT for any assay in clinical practice is dependent on
many factors including volume, on the need for batching, the failure rate and the need for
further manipulation of DNA to match the requirements of the assay. These variables explain
why often in real pathology practice, TAT described in prospective trials cannot be
replicated. Commercial laboratories that only concentrate in one type of cfDNA assay, have
overcome some of these challenges reporting impressive TAT even for NGS testing [25].
Continued optimization of internal NGS and targeted sequencing platforms, workflows and
reporting is of paramount importance as our understanding of acquired resistance
mechanisms, and their actionability, continue to expand.

Recently, the introduction of osimertinib as a first-line option in EGFR-mutant NSCLC has
challenged the validity of the treatment algorithm used in the present study. The FLAURA
trial compared first-line osimertinib with the standard choice of erlotinib or gefitinib in
patients with NSCLC harboring £GFR exon 19 deletions or L858R point mutation [26].
This trial reached its primary outcome showing a PFS of 18.9 months vs. 10.2 months (HR
0.46, 95% C1 0.37 — 0.57, P<.001). There was also a trend towards improved survival in the
osimertinib arm (HR 0.63, 95% CI, 0.45 to 0.88, P=.007 [nonsignificant in the interim
analysis]). However, among the 129 patients who received treatment after disease
progression in the control arm, only 48 patients (37%) crossed over to receive osimertinib
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[27]. These aforementioned findings led to the FDA approval of the treatment regimen in the
United States in 2018. Importantly, there are some caveats for the worldwide adoption of
this therapy as a first-line standard, particularly in the absence of definitive benefit in overall
survival compared to sequential treatment. The cost-effectiveness of osimertinib has been
suggested specifically in the second-line setting in patients with advanced EGFR T790M-
positive NSCLC [28], whereas in first-line has not been found cost-effective by World
Health Organization criteria [29].

The present study has some limitations. Firstly, it was designed retrospectively, thus we
could not assess PFS and we used TTD as real-world surrogate. However, emerging
evidence has shown good correlation between TTD and PFS, particularly in NSCLC patients
receiving TKIs [22]. Secondly, given our limited sample size the association of positive
ctDNA evaluation with metastatic sites was not adjusted by other covariates such as
performance status or number of metastatic sites. Thirdly, our dPCR platform only evaluated
T790M and not the original known EGFR mutation. These data could have been used as an
internal control to better understand false negative cases.

Conclusion

The analysis of ctDNA offers unique analytical opportunities for the assessment of
resistance mechanisms in EGFR-mutant NSCLC, particularly those patients with high
burden of disease and bone metastases. Plasma £EGFR T790M testing had shorter TAT
compared to tissue testing, however, it was longer than previous prospective studies likely
owing to real world clinical variables not fully accounted for in prospective clinical trial
designs. The median VAF for T790M in ctDNA does not appear to correlate with time to
treatment discontinuation in patients treated with osimertinib after progression on first/
second generation EGFR-TKIs. Liquid biopsy for plasma cfDNA by in-house platform faces
relevant challenges in a real world pathology practice, which need to be taken into account
while searching for the most pragmatic approach using this technology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Flow of patients.

Abbreviation: NSCLC, non-small cell lung cancer; ctDNA, circulating-tumor DNA; PCR,

polymerase chain reaction; NGS, next generation sequencing.
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Figure 2.

Clinical outcomes in ctDNA T790M(+) and (=) patients A) Time to initial EGFR-TKI
discontinuation B) Overall survival.

Abbreviation: TKI, tyrosine kinase inhibitor; TTD, time to treatment discontinuation; OS,
overall survival; m, months; y, years; HR, hazard ratio.

Acta Oncol. Author manuscript; available in PMC 2020 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mondaca et al.

>

Percent remaining on osimertinib

< VAF
> VAF

o
=3

©
=Y

o
=

&
o

N
o

o

Figure 3.
Clinical outcomes by plasma T790M VAF in patients treated with osimertinib A) Time to

osimertinib discontinuation B) Overall survival.
Abbreviation: TTD, time to treatment discontinuation; OS, overall survival; VAF, variant
allele frequency; m, months; HR, hazard ratio.
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Baseline characteristics of patients.

Table 1:

Page 13

All patients (n=177)

ctDNA T790M detected

ctDNA T790M not detected

testing (y)

(n=56) (n=121)

Age (y, range) 66 (38 - 91) 66 (38 — 91) 66 (42 - 90)
Sex (%)

Female 115 (65) 35(62) 80 (66)

Male 62 (35) 21(38) 41 (34)
Smoking status (%)

Never 93 (53) 31(55) 62 (51)

Ever 84 (47) 25 (45) 59 (49)
EGFR-mutant allele (%)

exon 21 59 (33) 17 (30) 42 (35)

exon 19 107 (60) 37 (66) 70 (58)

exon 18 11 (6) 2(4) 9(7)
Initial EGFR-TKI (%)

Erlotinib 155 (88) 53 (95) 102 (84)

Afatinib 13(7) 2(4) 11 (9)

Gefitinib 3(2) 1(1) 2(2)

Third—generationa 6@ 0 60
Median time EGFR-TKI to T790M ctDNA 14 14 14

Abbreviation: y, years; ctDNA, circulating-tumor DNA; TKI, tyrosine-kinase inhibitor.

aOsimertinib (n=4), Rociletinib (n=1), Nazartinib (n=1)

Acta Oncol. Author manuscript; available in PMC 2020 November 01.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Mondaca et al.

Table 2.

Metastatic site correlation with positive ctDNA.

Metastatic site  ctDNA T790M positive Unadjusted P-value

Pleura 37% (36/98) with metastases vs.  0.14
25% (20/79) without

Lymph node 38% (35/92) with metastases vs.  0.07
25% (21/85) without

Bone 45% (41/92) with metastases vs. ~ 0.0002
17% (15/85) without

Liver 38% (19/50) with metastases vs.  0.28
29% (37/127) without

Adrenal 39% (7/18) with metastases vs. 0.60
31% (49/159) without

Brain 42% (22/53) with metastases vs.  0.08

27% (34/124) without

Abbreviation: ctDNA, circulating-tumor DNA.

Note: The Bonferroni-adjusted significance threshold was set at P=0.008.
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