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ABSTRACT

Background. Characterization of circulating tumor DNA
(ctDNA) has been integrated into clinical practice. Although labs
have standardized validation procedures to develop single locus
tests, the efficacy of on-site plasma-based next-generation
sequencing (NGS) assays still needs to be proved.
Materials and Methods. In this retrospective study, we pro-
filed DNA from matched tissue and plasma samples from
75 patients with cancer. We applied an NGS test that detects
clinically relevant alterations in 33 genes and microsatellite
instability (MSI) to analyze plasma cell-free DNA (cfDNA).
Results. The concordance between alterations detected in
both tissue and plasma samples was higher in patients with
metastatic disease. The NGS test detected 77% of sequence
alterations, amplifications, and fusions that were found in
metastatic samples compared with 45% of those alterations
found in the primary tumor samples (p = .00005). There

was 87% agreement on MSI status between the NGS test
and tumor tissue results. In three patients, MSI-high ctDNA
correlated with response to immunotherapy. In addition,
the NGS test revealed an FGFR2 amplification that was not
detected in tumor tissue from a patient with metastatic
gastric cancer, emphasizing the importance of profiling
plasma samples in patients with advanced cancer.
Conclusion. Our validation experience of a plasma-based
NGS assay advances current knowledge about translating
cfDNA testing into clinical practice and supports the applica-
tion of plasma assays in the management of oncology
patients with metastatic disease. With an in-house method
that minimizes the need for invasive procedures, on-site
cfDNA testing supplements tissue biopsy to guide precision
therapy and is entitled to become a routine practice. The
Oncologist 2021;26:e1971–e1981

Implications for Practice: This study proposes a solution for decentralized liquid biopsy testing based on validation of a
next-generation sequencing (NGS) test that detects four classes of genomic alterations in blood: sequence mutations (single
nucleotide substitutions or insertions and deletions), fusions, amplifications, and microsatellite instability (MSI). Although
there are reference labs that perform single-site comprehensive liquid biopsy testing, the targeted assay this study validated
can be established locally in any lab with capacity to offer clinical molecular pathology assays. To the authors’ knowledge,
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this is the first report that validates evaluating an on-site plasma-based NGS test that detects the MSI status along with com-
mon sequence alterations encountered in solid tumors.

INTRODUCTION

DNA released into the circulation by tumor cells has opened a
new field of biomarker research in cancer diagnosis and treat-
ment—in fact, it has become one of the most important areas
of research in oncology [1]. Whereas normal cell turnover is
the primary source of cell-free DNA (cfDNA) in healthy individ-
uals, dying tumor cells shed a significant amount of cell-free
circulating tumor DNA (ctDNA) in the blood of patients with
cancer. The combination of cost-effective and high-quality
deep sequencing technology to detect tumor-specific muta-
tions, the hallmark of the ctDNA fraction, ought to advance
cancer management from early detection to therapy selection
and monitoring of recurrences and relapse [2, 3].

A robust cfDNA test is an important opportunity for
molecular analysis in patients with cancer, yet it remains to
be validated in clinical settings. In advanced disease, liquid
biopsy can capture intratumoral and intermetastatic hetero-
geneity, thus complementing tissue biopsy to identify mutation
profiles. But a range of technical, biological, and physiological
factors affect cfDNA shedding, clearance, and detection, which
might explain the discrepancy between ctDNA results and
tumor tissue profiling [4]. Nevertheless, with the first U.S. Food
and Drug Administration (FDA) approval of the cobas epider-
mal growth factor receptor (EGFR) Mutation Test v2 (Roche
Diagnostics, Basel, Switzerland), a new era of molecular testing
for cancer management started [5]. The assay tests both tissue
and plasma specimens and uses real-time polymerase chain
reaction (PCR) technology to identify patients with lung can-
cer eligible for erlotinib or osimertinib treatment. This assay
and similar real-time PCR tests that detect limited genetic
events are easy to validate. In contrast, next-generation
sequencing (NGS) detects cancer-associated mutations in
cfDNA on a wider scale and requires extensive validation [6–8].
Currently, there are two approaches for NGS-based liquid
biopsy. One involves sending samples to a central laboratory
[3], whereas the other one is to run an assay in-house. Recently,
the FDA approved two NGS tests to analyze plasma samples of
patients with advanced solid tumors: The Guardant360 CDx
assay (Guardant Health Inc), and the FoundationOne Liquid
CDx assay (Redwood City, California)—both tests are per-
formed at central labs.

We retrospectively assessed the performance of a plasma-
based NGS assay across paired plasma and tumor tissue sam-
ples in a cohort of patients with primary and metastatic solid
tumors. The PGDx elio™ plasma resolve assay-RUO (EPR)
interrogates three categories of genomic alterations in
33 genes: (a) sequence mutations, single nucleotide substitu-
tions (SNS) and small insertions and deletions (INDELs), within
coding sequences; (b) amplifications; and (c) translocations. In
addition, it evaluates the microsatellite instability (MSI) status.
This report describes the concordance between ctDNA and
matched tumor tissue molecular profiles, discusses interpreta-
tion of observed discordant data, and illustrates applications
through clinical cases. To our knowledge, this is the first report
evaluating the performance of an on-site plasma-based NGS

test that detects the MSI status along with common sequence
alterations in the context of its clinical utility and therapeutic
applications in precision oncology.

MATERIALS AND METHODS

Patient Selection and Study Design
This retrospective cohort consists of 75 patients with cancer
enrolled at the Englander Institute for Precision Medicine of
Weill Cornell Medicine (WCM) through our institutional review
board–approved protocol (WCM IRB# 1305013903). A wide
range of genetic assays are performed on tissue samples to
potentially guide patients’ management according to current
standard of care guidelines and approved clinical trials at
WCM (Fig. 1A) [9–11]. Because EPR detects clinically relevant
genomic alterations in 33 genes, and MSI in plasma ctDNA
(Fig. 1B), we based case selection on two criteria: (a) tumor
type and stage to combine primary and metastatic solid can-
cers and (b) gene alterations in the 33 genes covered by EPR,
as well as MSI status, to allow comparison of results between
tissue and plasma assays. We included tumor biopsies of pri-
mary (n = 16) and metastatic (n = 59) sites. With the excep-
tion of one patient who had four blood collections during the
course of disease, all corresponding blood samples were col-
lected within a 3-month period. This allowed us to retrospec-
tively evaluate concordance rates of genomic profiles of
primary and metastatic cancers and plasma ctDNA.

Tissue-Based Next-Generation Sequencing
We have previously reported our methods to extract and
sequence DNA and RNA from tumor tissue samples [12, 13].
Briefly, all samples underwent histopathology review of either
formalin-fixed paraffin-embedded tissue or fresh frozen tissue
samples. DNA was extracted using the Promega Maxwell
16 MDx (Promega, Madison,WI). For whole exome sequencing
(WES), a minimum of 200 ng of high-quality DNA was used and
more than 21,000 genes were analyzed as previously described.
Germline DNA extracted from white blood cells (buffy coat)
was used as control. The WES test detects somatic sequence
mutations and copy number alterations (CNAs) and evaluates
MSI using MSIsensor [28]. In addition, a targeted NGS panel
and whole transcriptome analysis (RNA-seq) were used to
detect sequence mutations, CNAs, and translocations in a sub-
set of cases. Total RNA was prepared in accordance with the
standard Illumina mRNA sample preparation protocol
(Illumina, San Diego, CA). RNA-seq and data processing was
performed as previously described [29]. For fusion analysis,
STAR-fusion (STAR-Fusion_v0.5.1) was used [30]. Fusions with
significant support of junction reads and spanning pairs were
then selected and manually reviewed. Tissue-based assays
included fluorescence in situ hybridization for detecting trans-
locations and immunohistochemistry for assessment of mis-
match repair (MMR) protein expression. PCR was done to
confirm theMSI status.
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Plasma ctDNA Targeted Analysis Using PGDx EPR
cfDNA extraction from plasma samples, library preparation
and libraries sequencing have been performed at the PGDx’s
lab. Briefly, whole blood was collected in EDTA tubes and
plasma was separated from cellular components by centrifu-
gation at 800g for 10 minutes at 4�C. Isolated plasma was
additionally centrifuged a second time at 18,000g at room
temperature to remove any remaining cellular debris and
stored at�80�C until the time of DNA extraction. cfDNA was
extracted using the Qiagen Circulating Nucleic Acids kit
(Qiagen, Hilden, Germany) and quantified using the Qubit
dsDNA High-Sensitivity Assay kit (Thermo Fisher Scientific

Waltham, MA). After quantification, 30–40 ng of cfDNA was
used to generate genomic libraries using the EPR kit. Librar-
ies were sequenced on the Illumina NextSeq 550 (Illumina,
San Diego, CA) with 150 bp paired end reads (supplemental
online Fig. 1). The PGDx elio™ plasma resolve software per-
forms an automated bioinformatic pipeline from sequence
data to final variant calls, including alignment and variant
calling for sequence mutations, amplifications, and translo-
cations to identify genomic alterations in ctDNA [14, 15] and
automatically filter calls to reported results [16]. The plasma
assay examined one sample per patient except for one case
in which four plasma specimens from different time points

Figure 1. Molecular profiling analysis by next-generation sequencing of tissue and circulating tumor DNA (ctDNA). (A): Matched
blood and tumor tissue samples from 75 patients with cancer were collected. Seventy-five tissue samples and 78 plasma samples
from patients with 15 types of solid tumors were analyzed. Left panel: molecular profiling of tissue samples was performed using
the following methods: WES to detect sequence mutations, copy number alterations (CNAs), translocations, and MSI status; RNA
sequencing to detect translocations; FISH to detect translocations; PCR and IHC to detect MSI status. Right panel: cell-free DNA
(cfDNA) was extracted from plasma. White blood cells fraction (buffy coat) was used as normal control for all samples tested by
WES. (B): ctDNA genotyping was performed by PGDx elio™ plasma resolve assay-RUO (EPR) to detect the four mentioned molecu-
lar alterations: single nucleotide variants, CNAs, translocation, and MSI status.
Abbreviations: FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; MSI, microsatellite instability; NGS, next-gener-
ation sequencing; PCR, polymerase chain reaction; WES, whole exome sequencing.
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were tested. Therefore, 78 plasma samples from 75 patients
were analyzed.

Plasma ctDNA MSI Analysis Using PGDx EPR
Sequencing data were aligned to regions within the target
panel containing mononucleotide repeats of length 14–27
base pairs in the human reference genome (hg19) using
BWA-MEM [31]. A discrete peak-finding algorithm was applied
to identify local maxima in the length distribution. To account
for uncertainty in the repeat length determination, only peaks
with at least five read pair counts, and containing ≥0.5% of the
total read count at the repeat locus, were considered. If in the
set of remaining peaks, the shortest identified allele was ≥3 bp
shorter than the human reference repeat length, the locus was
considered to be significantly shorter than the reference. In the
case of the shortest allele being supported by more than 80%
of the reads supporting the longest repeat allele, the locus
was considered heterozygous, that is, supporting a different
germline repeat length on each haplotype. Otherwise, for cases
in which the shortest allele was less prevalent, the locus was
classified as exhibiting instability. In the 33-gene plasma EPR
panel, nine informative mononucleotide repeats were used to
determineMSI status. ctDNA was classified as MSI-high (MSI-H)
when two or more microsatellites were classified as MSI
(supplemental online Fig. 2).

Reference Standard Sets and MSI Control Samples
Prior to retrospective assessment of the above plasma sam-
ples, we conducted a preclinical performance evaluation of
the sensitivity of EPR using three different reference mate-
rials: Horizon Multiplex I cfDNA Reference Standard Set
(Catalog No., Dharmacon, Inc., Lafayette, CO), a set that
covers engineered single nucleotide variants (SNVs) with
KRAS, NRAS, EGFR, PIK3CA, and KIT mutations at 5%, 1%,
and 0.1% allelic frequencies; Seraseq ctDNA Mutation Mix
v2 (Catalog No., SeraCare, Milford, MA), a liquid reference
material comparable to blood; and 29 plasma samples with
known MSI status (21 are MSI-H and 8 are microsatellite
stable [MSS]). Of note, The Association of Molecular Pathol-
ogy and College of American Pathologists provide guidelines
for validation of NGS assays [17, 18].

RESULTS

Preclinical Evaluation of the Performance of EPR
Using the Horizon Multiplex I cfDNA Reference Standard Set
samples, we found 100% sensitivity detecting SNVs and
INDELs in KRAS, NRAS, EGFR, PIK3CA, and KIT genes at vari-
ant allele frequencies (VAF) of 1%. Sequence variants in KRAS
and NRAS were also found at 0.1% VAF. The assay did not
detect variants in wild-type control cell line–derived DNA for
any of the above genes, indicating a 100% specificity (supple-
mental online Fig. 3). In addition, there was 96% positive per-
cent agreement (PPA) between EPR and droplet digital PCR
(ddPCR) assays (supplemental online Fig. 3). When Seraseq
ctDNA Mutation Mix v2 samples were analyzed, EPR
achieved a 100% sensitivity detecting the same set of genetic
variants above 0.5% VAF (supplemental online Fig. 3). We
also interrogated 29 plasma specimens with known MSI

status (21 MSI-H and 8 MSS). The PPA reached 80% in
15 ctDNA samples containing SNV with VAF ≥0.5%. Overall
PPA for the 21 MSI-H cases was 57%, and the negative per-
cent agreement in the 8 MSS cases was 100% (supplemental
online Fig. 4). For the EPR RUO assay, the 95% limit of detec-
tion (LoD-95) for clinically relevant sequence mutations was
lower than for nonclinically relevant sites as the threshold
for clinically relevant sequence mutations is 0.1% VAF com-
pared with 0.5% VAF for nonclinically relevant sites. The data
indicate that the LoD-95 is between 0.5% and 0.1% VAF
given the dropout of detection at the 0.1% VAF level. From a
precision and reproducibility perspective, any variant
reported above the LoD-95 has ≥95% confidence, whereas
any variant reported between the threshold and the LoD-95
of the assay has <95% confidence. Of note, DNA input of all
the three types of reference samples used was below the min-
imumDNA recommended for EPR (<40 ng).

Molecular Characterization of Tumor Tissue
Overall, 190 genomic alterations in tumor tissue DNA were
detected in our 75-patient cohort (Fig. 2A, 2B). Each patient’s
tumor had at least one clinically relevant alteration that could
also be detected by the EPR assay. Fifty-four cases had at least
two events. The most frequent events in tissue samples were
sequence mutations (n = 157) in the following genes: TP53,
followed by KRAS, EGFR, PIK3CA, and APC. Thirteen patients
had 15 amplifications of MYC, MET, ERBB2, EGFR, FGFR1,
FGFR2, and CCND1. Three patients had fusions involving the
RET or NTRK1 genes. Tumor samples from 15 cases were clas-
sified MSI-H. Put together, these molecular characteristics of
our cohort represent clinical scenarios encountered in oncol-
ogy practice where molecular profiling can guide therapy.

Plasma cfDNA Yield in a Pancancer Cohort
In agreement with the literature [19, 20], cfDNA yield varied
widely between patients with cancer, tumor types, and
tumor burden. The range of plasma volumes was 2.4 mL to
6 mL with a median of 5 mL. Total plasma DNA yield ranged
from 20 ng to 2,470 ng with a median of 60 ng. Total cfDNA
yield from 16 patients with primary tumors ranged from
25 ng to 197 ng and broadly ranged from 20 ng to 960 ng in
samples from 59 patients with metastases except one sam-
ple in which the yield reached 2,470 ng (Fig. 2C; supple-
mental online Fig. 5).

Genomic Profiling of Plasma ctDNA
The EPR assay detected 191 genomic alterations in 58 plasma
samples (from 55 patients) and evaluated the MSI status for
75 patients (Fig. 2D). We found 30 events in samples from
11 patients with primary tumors and 161 events in samples
from 44 patients with metastatic cancer. Number of events
observed per sample ranged from 1 to 13. More than one alter-
ation was detected in plasma of 40/44 (91%) patients with
advanced disease compared with 5/11 (46%) of those without.
Among the aforementioned 191 events, 158 sequence muta-
tions were found. TP53, KRAS, EGFR, and PIK3CAwere the most
frequentlymutated genes (Fig. 2D). EPR detected amplifications
of MET, FGFR2, CCND1, EGFR, MYC, ERBB2, and CD274 in
plasma samples from 13 patients with metastatic cancers
(Fig. 2D). Ten fusions involving RET, ALK, and FGFR2 were
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Figure 2. Mutation characteristics. (A): Pie charts show types of primary and metastatic solid tumors included in this study. Colorec-
tal, stomach, and prostate cancers accounted for approximately 50% of all tumors. Matched tissue and plasma samples were
obtained from 16 patients diagnosed with primary tumors and from 59 who were diagnosed with metastatic diseases. Four types
of genomic alterations were identified in tumor tissue and in the cell-free DNA (cfDNA), sequence mutations, amplifications,
fusions, and MSI-H. (B): A scatter plot shows all genetic event detected in tumor tissue. Type of alterations are represented with
various colors. (C): Scatter plot shows cfDNA yield from plasma samples. The area of each circle corresponds to cfDNA amount. (D):
A scatter plot shows all genomic alterations detected in plasma. Type of alterations are represented with various colors.
Abbreviation: MSI-H, microsatellite instability–high.
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detected in plasma from six patients, one with primary tumor
and five with metastatic disease. RET fusions were prevalent
(7/10) and involved three fusion gene partners: HOOK3,
NCOA4, and CCDC6 (Fig. 2D).

Comparison Between Plasma DNA and Tissue DNA
Analysis

Evaluation of Sequence Mutations, Amplifications, and
Gene Fusions
Overall, EPR detected 128/178 expected sequence muta-
tions, amplifications, and gene fusions found in tissue

samples (Fig. 3A). The correlation between tissue and
ctDNA profiling was greater in patients with advanced dis-
ease: 116/151 (77%) events reported in metastatic biopsies
were detected in plasma, compared with 12/27 (45%)
events present in primary tumors (p = .00005; Fig. 3B).
Also, the range of concordant alterations per matched tis-
sue-plasma paired samples was broader in the metastatic
disease, ranging from 1 to 11, in contrast to only 1 alteration
in primary cancers except for one case with 5 concordant
alterations. Specifically, ERP detected 115/157 (73%)
sequence mutations. The concordance of mutation

Figure 3. Concordance between tissue and plasma testing. (A): A scatter plot shows all events detected in both tissue and plasma sam-
ples (circle shape) or that were detected in tissue samples only (diamond shape). Type of alterations are represented with various colors.
(B): Stacked bar charts compare percentage of concordance between tissue and ctDNA testing in primary (45%) versus metastatic dis-
eases (77%) (p = .00005). (C–E): Stacked bar charts detail percentage of concordance regarding the three alteration types, sequence
mutations, amplifications, and fusions in all samples (C) and in samples from primary tumors (D) or in samples from metastatic tumors
(E). Agreement between tissue and plasma testing in detecting sequence mutations was higher in the metastatic group (p = .0002).
Abbreviations: ctDNA, circulating tumor DNA; MSI-H, microsatellite instability–high.
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detection between tissue and plasma was higher in patients
with metastatic disease (78%) compared with those with
primary tumors (48%) across all genes (p = .0002; Fig. 3C–
3E) and also higher in the metastatic group for the most fre-
quent mutations (supplemental online Fig. 6).

We found an agreement in detecting 8/15 (53%) gene
amplifications. Specifically, MET, ERBB2, FGFR1, FGFR2, and
CCND1 amplifications were identified in tissue and in the
corresponding plasma (Fig. 3C–3E). In addition, EPR revealed
an FGFR2 amplification that was not detected in tumor tissue
from a patient with metastatic gastric cancer (Fig. 4A). WES
(Fig. 4B) and high-coverage targeted sequencing with PGDx
elio™ Tissue Complete (ETC)-RUO (Personal Genome Diagnos-
tics Inc., Baltimore, Maryland, United States) of the
corresponding tumor were performed. Neither assay identi-
fied the FGFR2 amplification in tissue DNA, but ddPCR on
residual cfDNA from the same plasma sample confirmed the
FGFR2 amplification in blood (Fig. 4C).

The EPR assay also detected RET fusions in five blood
samples, consistent with matching tissue results (Fig. 3C–3E).
An NTRK1 gene fusion was found in the tissue of a primary
and localized colon cancer but not in corresponding plasma.
An RET-CCDC6 fusion was detected in four longitudinal
plasma samples of one patient. This patient with metastatic
papillary thyroid carcinoma was enrolled in our clinical
research precision medicine study, which permitted us to
retrospectively test serial plasma samples. Blood samples
were collected over 13 months during disease course and
treatment that included cabozantinib. The RET-CCDC6 fusion
was detected in the four plasma samples at an allele fre-
quency that ranged from 0.53% to 4.55%.

Evaluation of Microsatellite Instability Status
EPR classifies tumor microsatellite status into two catego-
ries: MSI-H and MSI indeterminate, which indicates insuffi-
cient evidence of high microsatellite instability. MSI calls

Figure 4. FGFR2 amplification detected in plasma but not in tumor tissue. (A): Computed tomography (CT) imaging of metastatic gas-
tric adenocarcinoma—with multiple metastatic sites—shows a gastric mass in the lesser curvature of the stomach with abdominal
wall involvement and peritoneal carcinomatosis (upper-left image). The arrow points toward the tumor mass. The CT image in the
lower-left panel reveals a pelvic mass confirmed to be a metastasis from the gastric tumor. The arrow points toward the pelvic
metastasis. Sclerotic osseous metastases are seen in the lumbar spine (vertebral body of L1 and L2) (right image). Arrows point
toward the bone metastases. (B): Molecular profiling of a tissue sample obtained from the pelvic mass was performed through two
independent tissue assays, whole exome sequencing and PGDx elio™ Tissue Complete (ETC)-RUO. Both assays detectedMET amplifi-
cation, but there was no evidence for FGFR2 amplification. The log2 score in (B) shows copy numbers observed at an exon-level for
MET and FGFR2 genes. Whereas MET gene is amplified, there are no significant structural copy number alterations observed for
FGFR2. (C): Image of MET and FGFR2 amplification coverage plot shows a high fold amplification of FGFR2 and an amplification of
MET in circulating tumor DNA from the patient’s blood sample collected less than 15 days from tissue sample acquisition.
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from plasma and their matched tissue were concordant in
65 of 75 (87%) cases. MSI-H status was found in ctDNA of
five patients, whereas the MSI status of the other
70 tumors was deemed indeterminate (Fig. 2D). All five
patients who were identified to have MSI-H tumors in plasma
also had MSI-H status identified in tissue. Of note, these
patients had different tumor types: metastatic colon adenocar-
cinoma, metastatic prostate adenocarcinoma, metastatic gas-
tric adenocarcinoma, and primary colon adenocarcinoma.
EPR reported 10 cases as “Indeterminate” whereas tissue-
based assays classified them as MSI-H tumors. When com-
paring between patients diagnosed with primary versus
metastatic disease, EPR detected the MSI-H phenotype in
25% and 60%, respectively (Figs. 3A, 5A, 5B). All primary
and metastatic tumors that were MSS based on tissue
analysis (n= 60) were also classified by EPR as “Indetermi-
nate”—that is, insufficient supporting evidence for MSI-H.
Despite the moderate number of total samples studied, these

results demonstrate 100% specificity, with a false positive pre-
dictive value of EPR of zero across both primary and metastatic
disease.

Among the five patients with tumors classified as MSI-H
by EPR, three were treated with immunotherapy based on
MSI-H tissue results and had clinical response. A rather
unique case of metastatic castrate-resistant prostatic ade-
nocarcinoma (mCRPC) was found to be MSI-H based on EPR
results but indeterminate based on tissue WES (MSIsensor
score = 4.93). Based on immunohistochemistry (IHC) and PCR
testing that identified MSI-H status, the patient received
pembrolizumab after progression on androgen-deprivation
therapy and chemotherapy. Clinical and radiological response
was achieved after treatment with the programmed death–1
(Fig. 5C, 5D). Similarly, two patients diagnosed with MSI-H
metastatic colorectal adenocarcinoma responded to cancer
immunotherapy (supplemental online Fig. 7). Based on this
retrospective cohort, MSI-H status detected on ctDNA

Figure 5. PlasmaMSI-H status correlated with clinical and radiological response of immunotherapy. (A): Plots showMSI status classification
based on a retrospective analysis of cell-free DNA samples. (B): A stacked bar chart shows the percentage of MSI-H cases detected via the
plasma test compared with the results of MSI tissue testing. (C, D): An example of clinical and radiological response to PD-1 inhibitor in a
case confirmed as MSI-H in tissue and plasma samples is presented. A patient with metastatic castrate-resistant prostatic adenocarcinoma
(mCRPC) was treated with pembrolizumab (PD-1 inhibitor) for mCRPC after progression on androgen-deprivation therapy and chemother-
apy. (C): Scatter plots show PSA and LDH levels decreased after pembrolizumab (PD-1 inhibitor) treatment and remained within the normal
levels. (D): Computed tomography images in the lower panel reveal a prominent radiological response to pembrolizumab compared with
images before starting immunotherapy (upper panel). Arrows point to tumor invasion into the bladder wall.
Abbreviations: LDH, lactate dehydrogenase; MSI-H, microsatellite instability–high; MSS, PD-1, programmed death–one; PSA, prostate-spe-
cific antigen.
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correlated with immunotherapy response in three patients
with metastatic solid tumors.

DISCUSSION

This work describes validation of an NGS plasma test that is
designed to be established on-site and highlights its potential
application in precision oncology practice. Until recently,
most work in the field has been defined by PCR-based ctDNA
analyses on specific types of cancer (e.g., lung, breast, or
colon) and their associated genetic composition [21–24]. Sin-
gle locus assays using quantitative PCR (qPCR) or ddPCR have
been successfully applied to identify variations in the EGFR
gene in patients with lung cancer and have received FDA
approval [5]. We have expanded on that approach by
assessing the EPR assay, which comprises 33 clinically rele-
vant genes that are frequently mutated in solid malignancies.
Based on various tissue testing methods, we included a list of
190 genomic alterations found in 15 different types of solid
tumors in a cohort of 75 patients—each with matched tissue
and plasma samples—ensuring that the established genetic
makeup of this study represents those encountered in most
solid tumors. It includes alterations of three mutational clas-
ses: sequence mutations (SNS or INDELs), fusions, and ampli-
fications, as well as MSI status.

Most patients in our cohort had advanced tumors, which
are characterized by increased necrosis and apoptosis and
thought to release more ctDNA than patients with localized
disease [20]. The cfDNA yield varied between plasma samples
and was higher in the metastatic group. This increases the
probability that a given sequence that harbors specific muta-
tions is present in the tested sample and therefore is detected
by a plasma NGS test. In fact, across most of our analyses, EPR
had a higher performance in capturing known alterations (i.-
e., detected in tissue) in metastatic disease.

Compared with tissue testing, genomic profiling of ctDNA
can determine intratumor genetic heterogeneity and conver-
gent tumor evolution. Because tissue biopsies represent a
sampled part of the entire tumor, possible clones residing in
distant parts may be unrepresented. In contrast, plasma sam-
ples might contain ctDNA released from a greater percentage
of the overall tumor mass. This makes it possible to encoun-
ter genomic alterations in cfDNA but not in tissue DNA. Those
unique plasma variations were thought to be entirely
because of tumor heterogeneity and clonal evolution, but
recent reports have added clarification to the complex pic-
ture: such events might reflect clonal hematopoiesis [25] or
simply are reported because of technical errors [26]. By ana-
lyzing replicate sets of tissue-plasma samples through four
NGS-based plasma assays, Stetson et al. documented variabil-
ity among results from the four plasma NGS vendors reveal-
ing technical errors or differences in sensitivities as potential
causes of discrepant alterations between the plasma NGS
vendors [26].

In an attempt to examine causes of disagreement
between plasma and tumor tissue, we reassessed discrepant
cases. For alterations detected in tissue but not in plasma
DNA, tissue-specific alterations (TSAs), we reexamined the
cfDNA sequencing data to verify whether those events were
detected but filtered and not reported. In fact, 10 sequence

mutations were detected by EPR but not reported. VAFs in
(8/10) cases were detected at very low VAFs and ranged
from 0.05% to 0.46%. The other two had high VAFs, 41.5%
and 70.4% for TP53 and ARID1A, respectively. They were
considered germline variants, but this possibility was ruled
out because all germline WES reads were wild type for these
variants (supplemental online Fig. 8). Our data still showed
disagreement, even after the reassessment. We did not
detect the remaining 38 TSAs in plasma samples. Considering
this broad frequency range of plasma alterations—ranging
from not detected, to detected but filtered, and detected at
high VAF—we infer that TSAs are encountered because not
all targeted DNA sequences are released by tumor cells into
blood, or they are present in plasma but at a level lower
than limit of detection of the EPR assay. A common approach
to test this presumption is to analyze cfDNA samples via
another plasma assay, such as ddPCR. Because of the limited
DNA yield and plasma availability, there was no residual
cfDNA for several samples to do this analysis. Nevertheless,
our data show that the overall sensitivity of EPR is compara-
ble with other NGS-based plasma assays [9, 10, 27].

We also reviewed our WES tissue data to gain an
insight on alterations that were initially reported only by
EPR. A BRCA2_E731Gfs*19 frameshift deletion was
detected in a plasma sample of a patient with metastatic
carcinoma of unknown primary at a VAF of 0.72%. This 2-
bp deletion was not reported by WES because only one
read was detected in tumor tissue (supplemental online
Fig. 9). EPR also identified a 79-fold FGFR2 amplification,
the highest fold reported in our cohort, in a patient with
metastatic gastric cancer. Two separate NGS-based assays
did not detect this amplification in the tissue sample. How-
ever, a ddPCR test confirmed it in plasma. This suggests
that the source of the ctDNA fragment that harbors the
amplification does not reside within the metastatic tissue
sample analyzed and thus underlines the importance of
ctDNA sequencing to complement tumor tissue testing.

We also present evidence of MSI-H detection in ctDNA and
highlight its utility to inform clinical decisions in metastatic dis-
ease. It has been reported that NGS plasma assays can detect
MSI-H tumors [11, 12], yet NGS-based methods to evaluate MSI
status in ctDNA are underused. Whereas tissue-based testing is
the standard of care approach to analyze MSI status, plasma-
based methods will facilitate MSI testing across many tumor
types [13]. EPR accurately captured the MSI status in 5/15
patients. In one case, the tissue MSIsensor score was below an
internally established MSI-H cutoff but EPR assigned the tumor
as MSI-H in agreement with two other tissue assays, PCR
and IHC. More important and clinically relevant, the patient
responded to immunotherapy. EPR also detectedMSI-H pheno-
type in ctDNA of two patients who benefited from immunother-
apy, supporting that MSI assessment in ctDNA has a potential
application to guide treatment decisions in patients with
advanced cancer. This is particularly applicable when tumor tis-
sue is insufficient to evaluate.

CONCLUSION

This proof-of-concept study supports the implementation of
NGS-based cfDNA assays into clinical practice as a valuable

© 2021 AlphaMed Press.www.TheOncologist.com
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addition to tumor tissue testing. The overall concordance
between the plasma assay and tissue-based testing
occurred higher in patients with metastatic disease as com-
pared with those with localized tumors. Our effort is a step
forward to a better understanding of the performance of
on-site NGS plasma-based assays in clinical settings and
their impact on treatment decisions. Precise identification
of genomic alterations in patients with cancer requires inte-
grating tissue and plasma assays—in our experience, a com-
binatorial approach proved useful.

AUTHOR CONTRIBUTIONS
Study supervision: Juan Miguel Mosquera
Conception/design: Wael Al Zoughbi, Jesse Fox, Eniko Papp, John Simmons,
Samuel Angiuoli, Olivier Elemento, Juan Miguel Mosquera

Provision of study material or patients: Michael Sigouros, Scott Tagawa
Murtaza S. Malbari, Kevin Holcomb, Nasser K. Altorki, David Nanus,
Bishoy Faltas, Cora N. Sternberg, Yariv Houvras, Ana M. Molina

Collection and/or assembly of data:Wael Al Zoughbi, Shaham Beg, Eniko Papp,
Erika Hissong, Kentaro Ohara, Troy Kane, Daniel Bockelman, Ellen Verner,
JyothiManohar, Noah Greco, DavidWilkes, Manish Shah, David Nanus.

Data analysis and interpretation: Wael Al Zoughbi, Jesse Fox, Shaham Beg,
Eniko Papp, Erika Hissong, Kentaro Ohara, Ellen Verner, Jyothi Manohar,
Michael Sigouros, Troy Kane, Daniel Bockelman, Donna Nichol, Aanavi
Karandikar, Noah Greco, David Wilkes

Manuscript writing: Wael Al Zoughbi, Juan Miguel Mosquera
Final approval of manuscript: Wael Al Zoughbi, Jesse Fox, Shaham Beg, Eniko
Papp, Erika Hissong, Kentaro Ohara, Laurel Keefer, Michael Sigouros, Troy
Kane, Daniel Bockelman, Donna Nichol, Emily Patchell, Rohan Bareja, Aanavi
Karandikar, Hussein Alnajar, Gustavo Cerqueira, Violeta Beleva Guthrie, Ellen
Verner, Jyothi Manohar, Noah Greco, David Wilkes, Scott Tagawa, Murtaza
S. Malbari, Kevin Holcomb, Kenneth Wha Eng, Manish Shah, Nasser K. Altorki,

Andrea Sboner, David Nanus, Bishoy Faltas, Cora N. Sternberg, John Simmons,
Yariv Houvras, Ana M. Molina, Samuel Angiuoli, Olivier Elemento, JuanMiguel
Mosquera

DISCLOSURES
Laurel Keefer: Personal Genome Diagnostics (E [former]); Donna
Nichol: PGDx (E [former], OI); Scott Tagawa:Medivation, Astellas
Pharma, Dendreon, Janssen, Bayer, Genentech, Endocyte,
Immunomedics, Karyopharm Therapeutics, Abbvie, Tolmar, QED
Therapeutics, Amgen, Sanofi, Pfizer, Clovis Oncology, Novartis,
Genomic Health, POINT Biopharma, Blue Earth Diagnostics, Seattle
Genetics, Clarity Pharmaceuticals, AIkido Pharma, Gilead Sciences,
4D Pharma, Telix Pharmaceuticals (C/A), Gilead (IP), Eli Lilly & Co.,
Sanofi, Janssen, Astellas, Progenics, Millennium, Amgen, Bristol-
Myers Squibb, Dendreon, Rexahn Pharmaceuticals, Bayer,
Genentech, Newlink Genetics, Inovio Pharmaceuticals, AstraZeneca,
Immunomedica, Novartis, AVEO, Boehringer Ingelheim, Merck,
Abbvie, Karyopharm, Medivation, Endocyte, Exelixis, Clovis
Oncology, POINT Biopharma (RF); Kevin Holcomb: Fujirebio
Diagnostics, Inc (RF), Johnson & Johnson (ET);Manish Shah: Eli
Lilly & Co. Pharmaceutical (SAB), Merck, Eli Lilly & Co., Astellas (C/
A), Merck, Bristol-Myers Squibb, Oncolys (RF); Bishoy Faltas:Merck,
QED Therapeutics, Immunomedics (C/A), Eli Lilly & Co. (RF),
Urotoday (H); Cora N. Sternberg: Pfizer, Merck Sharp & Dohme,
Merck, AstraZeneca, Astellas, Sanofi-Genzyme, Roche-Genentech,
Incyte, Bristol-Myers Squibb, Foundation Medicine, Immunomedics
now Gilead, NeoTx, Medscape, UroToday, CCO Clinical, National
Cancer Institute (H); John Simmons: PGDx (E, OI);Olivier Elemento:
Volastra Therapeutics, OneThree Biotech, Owkin, Freenome (OI, C/
A); JuanMiguel Mosquera: Personal Genome Diagnostics, Inc (RF).
The other authors indicated no financial relationships.
(C/A) Consulting/advisory relationship; (RF) Research funding; (E) Employment; (ET) Expert

testimony; (H) Honoraria received; (OI) Ownership interests; (IP) Intellectual property rights/

inventor/patent holder; (SAB) Scientific advisory board

REFERENCES

1. Otandault A, Anker P, Dache ZAA et al.
Recent advances in circulating nucleic acids in
oncology. Ann Oncol 2019;30:374–384.

2. De Mattos-Arruda L, Olmos D, Tabernero J.
Prognostic and predictive roles for circulating
biomarkers in gastrointestinal cancer. Future
Oncol 2011;7:1385–1397.

3. Zugazagoitia J, Ramos I, Trigo JM et al. Clinical
utility of plasma-based digital next-generation
sequencing in patients with advance-stage lung ade-
nocarcinomas with insufficient tumor samples for
tissue genotyping. AnnOncol 2019;30:290–296.

4. Ulrich BC, Paweletz CP. Cell-free DNA in oncol-
ogy: Gearing up for clinic. Ann LabMed 2018;38:1–8.

5. Kwapisz D. The first liquid biopsy test
approved. Is it a new era of mutation testing for
non-small cell lung cancer? Ann Transl Med 2017;
5:46.

6. Jovelet C, Ileana E, Le Deley MC et al. Circulating
cell-free tumor DNA analysis of 50 genes by next-
generation sequencing in the prospective MOSCATO
trial. Clin Cancer Res 2016;22:2960–2968.

7. Barata PC, Koshkin VS, Funchain P et al. Next-
generation sequencing (NGS) of cell-free circulating
tumor DNA and tumor tissue in patients with
advanced urothelial cancer: A pilot assessment of
concordance. Ann Oncol 2017;28:2458–2463.

8. Chen M, Zhao H. Next-generation sequencing
in liquid biopsy: Cancer screening and early
detection. Hum Genomics 2019;13:34.

9. Shatsky R, Parker BA, Bui NQ et al. Next-Genera-
tion sequencing of tissue and circulating tumor
DNA: The UC San DiegoMoores Center for Personal-
ized Cancer Therapy experience with breast malig-
nancies. Mol Cancer Ther 2019;18:1001–1011.

10. Weiss GJ, Hoff BR,Whitehead RP et al. Evalua-
tion and comparison of two commercially available
targeted next-generation sequencing platforms to
assist oncology decision making. Onco Targets Ther
2015;8:959–967.

11. Georgiadis A, Durham JN, Keefer LA et al.
Noninvasive detection of microsatellite instability
and high tumor mutation burden in cancer
patients treated with PD-1 blockade. Clin Cancer
Res 2019;25:7024–7034.

12. Willis J, Lefterova MI, Artyomenko A et al.
Validation of microsatellite instability detection
using a comprehensive plasma-based genotyping
panel. Clin Cancer Res 2019;25:7035–7045.

13. Hofman P, Heeke S, Alix-Panabières C et al.
Liquid biopsy in the era of immuno-oncology: Is
it ready for prime-time use for cancer patients?
Ann Oncol 2019;30:1448–1459.

14. Phallen J, Sausen M, Adleff V et al. Direct
detection of early-stage cancers using circulating
tumor DNA. Sci Transl Med 2017;9:eaan2415.

15. Leary RJ, Kinde I, Diehl F et al. Development of
personalized tumor biomarkers using massively par-
allel sequencing. Sci Transl Med 2010;2:20ra14.

16. Wood DE, White JR, Georgiadis A et al. A
machine learning approach for somatic mutation
discovery. Sci Transl Med 2018;10:eaar7939.

17. Jennings LJ, Arcila ME, Corless C et al.
Guidelines for validation of next-generation
sequencing-based oncology panels: A joint con-
sensus recommendation of the Association for
Molecular Pathology and College of American
Pathologists. J Mol Diagn 2017;19:341–365.

18. Clark TA, Chung JH, Kennedy M et al. Ana-
lytical validation of a hybrid capture-based next-

generation sequencing clinical assay for genomic
profiling of cell-free circulating tumor DNA. J Mol
Diagn 2018;20:686–702.

19. V�araljai R, Elouali S, Lueong SS et al. The
predictive and prognostic significance of cell-free
DNA concentration in melanoma. J Eur Acad
Dermatol Venereol 2021;35:387–395.

20. Hamfjord J, Guren TK, Dajani O et al. Total cir-
culating cell-free DNA as a prognostic biomarker in
metastatic colorectal cancer before first-line
oxaliplatin-based chemotherapy. Ann Oncol 2019;
30:1088–1095.

21. Demuth C, Spindler KLG, Johansen JS
et al. Measuring KRAS mutations in circulating
tumor DNA by droplet digital PCR and next-
generation sequencing. Transl Oncol 2018;11:
1220–1224.

22. Ito K, Suzuki H, Saiki H et al. Utility of liquid
biopsy by improved PNA-LNA PCR clamp method
for detecting EGFR mutation at initial diagnosis
of non-small-cell lung cancer: Observational
study of 190 consecutive cases in clinical prac-
tice. Clin Lung Cancer 2018;19:181–190.

23. Arriola E, Paredes-Lario A, García-Gomez R
et al. Comparison of plasma ctDNA and
tissue/cytology-based techniques for the detec-
tion of EGFR mutation status in advanced NSCLC:
Spanish data subset from ASSESS. Clin Transl
Oncol 2018;20:1261–1267.

24. Bachet JB, Bouché O, Taieb J et al. RAS
mutation analysis in circulating tumor DNA from
patients with metastatic colorectal cancer: The
AGEO RASANC prospective multicenter study.
Ann Oncol 2018;29:1211–1219.

© 2021 AlphaMed Press.

Solution for Decentralized Liquid Biopsy Testinge1980



25. van der Leest P, Schuuring E. The potential of
combined mutation sequencing of plasma circu-
lating cell-free DNA and matched white blood
cells for treatment response prediction. Mol
Oncol 2020;14:487–489.

26. Stetson D, Ahmed A, Xu X et al. Orthogonal
comparison of four plasma NGS tests with tumor
suggests technical factors are a major source of
assay discordance. JCO Precis Oncol 2019 [Epub
ahead of print].

27. Jahangiri L, Hurst T. Assessing the concor-
dance of genomic alterations between circulating-
free DNA and tumour tissue in cancer patients.
Cancers (Basel) 2019;11:1938.

28. Niu B, Ye K, Zhang Q, et al. MSIsensor: micro-
satellite instability detection using paired tumor-
normal sequence data. Bioinformatics 2014;30:
1015–1016.

29. Chakravarty D, Sboner A, Nair SS, et al. The
oestrogen receptor alpha-regulated lncRNA NEAT1

is a critical modulator of prostate cancer. Nat
Commun. 2014;5:5383.

30. Pisapia DJ, Ohara K, Bareja R, et al. Fusions
involving BCOR and CREBBP are rare events in
infiltrating glioma. Acta Neuropathol Commun.
2020;8:80.

31. Li H, Durbin R. Fast and accurate short read
alignment with Burrows-Wheeler transform. Bio-
informatics 2009;25:1754–1760.

See http://www.TheOncologist.com for supplemental material available online.

© 2021 AlphaMed Press.www.TheOncologist.com

AL Zoughbi, Fox, Beg et al. e1981


	 Validation of a Circulating Tumor DNA-Based Next-Generation Sequencing Assay in a Cohort of Patients with Solid tumors: A ...
	Introduction
	Materials and Methods
	Patient Selection and Study Design
	Tissue-Based Next-Generation Sequencing
	Plasma ctDNA Targeted Analysis Using PGDx EPR
	Plasma ctDNA MSI Analysis Using PGDx EPR
	Reference Standard Sets and MSI Control Samples

	Results
	Preclinical Evaluation of the Performance of EPR
	Molecular Characterization of Tumor Tissue
	Plasma cfDNA Yield in a Pancancer Cohort
	Genomic Profiling of Plasma ctDNA
	Comparison Between Plasma DNA and Tissue DNA Analysis
	Evaluation of Sequence Mutations, Amplifications, and Gene Fusions
	Evaluation of Microsatellite Instability Status


	Discussion
	Conclusion
	Author Contributions
	Disclosures
	References


