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ABSTRACT

Objectives: Diversity of laboratory-developed tests (LDTs) using next-generation
sequencing (NGS) raises concerns about their accuracy for selection of targeted therapies.
A working group developed a pilot study of traceable reference samples to measure NGS

LDT performance among a cohort of clinical laboratories.

Methods: Human cell lines were engineered via CRISPR/Cas9 and prepared as formalin-
fixed, paraffin-embedded cell pellets (“wet” samples) to assess the entire NGS test cycle.

In silico mutagenized NGS sequence files (“dry” samples) were used to assess the bioin-
formatics component of the NGS test cycle. Single and multinucleotide variants (n = 36) of
KRAS and NRAS were tested at 5% or 15% variant allele fraction to determine eligibility for
therapy with the EGFR inhibitor panitumumab in the setting of metastatic colorectal cancer.

Results: Twenty-one (21/21) laboratories tested wet samples; 19 of 21 analyzed dry
samples. Of the laboratories that tested both the wet and dry samples, 7 (37%) of 19 labora-
tories correctly reported all variants, 3 (16%) of 19 had fewer than five errors, and 9 (47%) of

19 had five or more errors. Most errors were false negatives.

Conclusions: Genetically engineered cell lines and mutagenized sequence files are com-
plementary reference samples for evaluating NGS test performance among clinical labora-
tories using LDTs. Variable accuracy in detection of genetic variants among some LDTs may
identify different patient populations for targeted therapy.

INTRODUCTION

Massively parallel sequencing approaches, referred to as next-generation sequencing
(NGS), permit the simultaneous evaluation of many genes and a range of sequence varia-
tions.! NGS can be performed to detect all four major classes of sequence variants, including
single-nucleotide variants (SNVs), small insertions and deletions (indels, defined as less
than 1 kb in length), copy number variants (CNVs), and structural variants (SVs) such as
translocations and inversions. The clinical utility of NGS testing methods resides in the
flexibility of assay design, including library preparation methods (amplification or hybrid
capture), different sequencing instrument platforms, and genomic target regions spanning
panels of mutation hotspots in a small number of genes to panels representing hundreds of

genes, the whole exome, or the whole genome.
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KEY POINTS

e Engineered cell lines and in silico
mutagenized sequence files are
complementary reference materials
that can be used to assess the
accuracy of clinical next-generation
sequencing (NGS) test results.

e The accuracy of detection of
genetic variants differed among the
laboratory-developed tests (LDTs)
performed by different laboratories.

e The varied accuracy suggests that
different LDTs may identify different
subsets of oncology patients as
candidates for targeted therapy.
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Much of clinical NGS testing is performed using customized,
in-house assay designs (known as laboratory-developed tests [LDTs])
unique to an individual laboratory; while many LDTs are designed
around gene panels specific to the laboratory, other LDTs use com-
mercially available kits (which may undergo some limited in-house
customization). Mirroring the variability of clinical NGS assay design,
many different bioinformatics pipelines are in routine clinical use, in-
cluding pipelines integrated into the manufactured sequencing plat-
forms, pipelines that may be licensed from commercial vendors, and
informatics pipelines developed by individual laboratories.>?

Multiple professional guidelines have been defined by reg-

45 and professional organizations>®!! to assist

ulatory agencies
laboratories in the design, development, and validation of NGS
assays. Proficiency testing (PT) programs for clinical NGS-based
oncology assays (eg, those offered by the College of American
Pathologists [CAP] that focus on common, clinically relevant vari-
ants for more than 30 genes) have shown that NGS approaches
have high interlaboratory agreement,'> are highly concordant
with other molecular diagnostic methods in clinical use for specific
genetic variants,'* and may show superior performance to non-NGS
methods." Similar results have been demonstrated by laboratory
comparisons outside the setting of formal proficiency testing.®!”
Studies that focused specifically on the bioinformatics components
of NGS tests have likewise demonstrated concordance among vari-
ous laboratories and sequencing platform types.!#2°

Nonetheless, the diversity of LDTs used in clinical diagnostic la-
boratories has generated questions from many stakeholders about
how to compare assay performance between LDTs with the same
intended use. Comprehensive interlaboratory comparisons of NGS
LDT performance are hampered by the limited availability of well-
defined reference samples, particularly for rare genetic variants.
Similarly, new test development and assay validation require well-
designed and manufactured reference samples. Residual specimens
from appropriately consented patients may be available to clinical
laboratories but are limited in supply, specific to a patient’s disease
status, not sustainable nor scalable, and not a reproducible standard.
In contrast, ideal reference samples include a variety of variant types
in many different genes, multiplexed variants, different variant allele
fractions (VAFs), and a range of variant types (eg, SNVs, indels, CNVs,
and SVs). Different strategies for developing reference samples have
been employed,” including tumor-derived as well as engineered

human cell lines?»??

and so-called spike-in standards of synthetic
or cloned DNA fragments.’***>® Complementary approaches that
use data files harboring sequence variants inserted via computerized
methods into NGS sequence files (in silico reference samples) may be
used to separate the evaluation of bioinformatics data interpretation
of an NGS test from the sequencing chemistry portion.!*>?-3!

Within this landscape, Tapestry Networks, a professional serv-
ices firm,*? convened senior health care leaders to address emerging
challenges in oncology diagnostics and therapeutics. The Sustaina-
ble Predictive Oncology Therapeutics and Diagnostics (SPOT/Dx)
working group was formed by Tapestry Networks®* and comprised
many stakeholders, including patient advocacy groups, profes-

sional oncology organizations, payers, regulatory agencies, NGS
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laboratories, and others (Supplementary Material SI; all supple-
mental materials can be found at American Journal of Clinical Pa-
thology online). The Diagnostic Quality Assurance Pilot,** hereafter
the Pilot, was conceived by the SPOT/Dx working group to address
a perceived gap in the standardization of personalized medicine
laboratory testing for targeted therapies in cancer treatment. The
central goal was to model a process that could assure prescribing
physicians that consistent and accurate test findings were produced
across the landscape of clinical NGS testing.

Standardized reference samples were essential to this compara-
tive effort; therefore, the Pilot focused on two specific aims. First, the
Pilot would define the requirements for the development of traceable
reference samples that could function as human reference materials
for molecular pathology laboratories. Second, the Pilot would model
the utility of the reference samples via an analytic challenge involving
a cohort of clinical NGS laboratories using LDTs in the setting of
gene-targeted therapy for colorectal adenocarcinoma.*** To fulfill
the first specific aim of the Pilot, two types of reference samples were
designed to assess the performance of the “complete analytical NGS
test cycle” and to separately assess the “bioinformatics analysis” of
NGS assay data. Reference samples for the complete test cycle chal-
lenge were human cell lines (wet samples) with specific KRAS and
NRAS genetic variants integrated into human genomic DNA via ge-
netic engineering. The second type of reference sample (dry samples)
was produced by introducing genetic variants into sequence data files
using computerized algorithms designed to separately assess the ac-
curacy of bioinformatics analysis pipelines. Both types of reference
samples were distributed to laboratories participating in the Pilot,
and each laboratory tested the reference samples using the validated
LDT they employed in routine clinical laboratory practice.

The Pilot’s overall design thus represents a novel approach for
comparison of LDTs. First, the analytic challenge did not consist of
unrelated variants tested without context to a specific disease process;
rather, the challenge was intentionally designed around testing in a
specific clinical setting to model an actual patient encounter. Conse-
quently, the included variants were not selected to be representative
of the types of mutations generally encountered in routine clinical
NGS; instead, variants included mutations with demonstrated roles in
gene-targeted therapy for a defined clinical diagnostic setting of colo-
rectal adenocarcinoma.?*-*® Second, the included VAFs were intended
to sample LDT accuracy not only at higher VAFs but also at VAFs near
the limit of detection (LOD) of the LDTs. Third, the results of the an-
alytic challenge were not evaluated via aggregated data but rather on
an LDT-by-LDT basis. This latter approach is more aligned with the
clinical reality that patient care is generally determined by the result of
an NGS test performed by a single laboratory rather than by aggregate

results from a group of NGS laboratories performing similar testing.

MATERIALS AND METHODS

Organization of the Diagnostic Quality

Assurance Pilot Study

The infrastructure created to support and oversee the design
and execution of the Pilot [[FISVLIFRN included a multistakeholder
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Steering Committee and a Scientific and Technical Working Group
(STWG) (Supplementary Material S2). The CAP coordinated the
STWG and provided professional, logistical, and operational exper-
tise in support of the Pilot.

CAP solicited participation in the Pilot from Clinical Laboratory
Improvement Amendments (CLIA)—certified clinical laboratories
registered in CAP’s NGS proficiency testing survey programs. The
solicitation packet included information describing the intent of
the Pilot to evaluate LDT performance based on the clinical utility
of a test approved by the US Food and Drug Administration (FDA)
(Supplementary Material S3). Twenty-six laboratories volunteered
from which the STWG selected 20 laboratories (the Pilot labora-
tories) to represent different sequencing platforms, test design
(amplicon based vs hybrid capture based), laboratory setting (com-

mercial vs academic medical center), and annual test volume.

Genetic Variants

The Pilot focused on KRAS and NRAS sequence variants
important for selection of patients with metastatic colo-
rectal cancer likely to obtain therapeutic benefit with the epidermal
growth factor receptor (EGFR) inhibitor panitumumab (Vectibix;
Amgen).>>3® Advantages of this model were that both SNVs and
small indels (specifically, di- and trinucleotide sequence substi-
tutions, also known as multinucleotide variants or MNVs) were
included, variants within three different exons of each gene have
clinical impact, and an FDA-approved companion diagnostic (the
Praxis Extended RAS Panel) provided a comparator for NGS testing
for selection of patients with colorectal cancer for targeted EGFR
inhibitor therapy.*

Aim 1: Traceable Reference Samples

Wet Samples

Horizon Discovery Biosciences plc genetically engineered the wet
lab samples using CRISP/Cas9 technology into the haploid eHAP
cell line.?® All variants were inserted at the endogenous genomic
locations to minimize nonphysiologic sequence artifacts that could
bias NGS bioinformatics pipelines. All engineered cell lines were
isogenic except for each introduced variant to avoid complications

secondary to bioinformatics filters designed to detect specimen

contamination.?®*> The cell lines were propagated, mixed with
the parent cell line to achieve 5% VAF, and harvested as cell pellets,
which were then formalin fixed and paraffin embedded (FFPE) to
simulate FFPE tissue. In practice, the final VAF of the variants in
the wet samples ranged from 5% to 8.6% (as confirmed by
digital droplet polymerase chain reaction [PCR] performed by the
vendor). Laboratories were provided 20-pm FFPE sections to yield
1 pg DNA (Supplementary Material S4).

Dry Samples

P&V Licensing performed the in silico mutagenesis of NGS sequence
data files. A 5% VAF was selected to mimic the VAFs of the wet lab-
oratory challenge; a 15% VAF was also provided as an alternate to
be more easily detectable. Each participating laboratory sequenced
DNA from eHAP using their LDT and submitted the FASTQ or BAM
sequence file via an online interface maintained by the CAP. The data
files were accessed by the vendor from this interface (the laborator-
ies’ identities were unknown to the vendor), and RAS variants were
inserted into the sequence file to generate a custom mutagenized
file specific for each participant laboratory’s LDT. Each mutagen-
ized data file was then downloaded from the online interface and
analyzed by the respective laboratory (Supplementary Material S4).

Aim 2: Analytic Challenge

Proof-of-Concept Laboratories

Three CLIA-certified clinical laboratories with expertise in clinical
NGS for oncology patients were designated by the STWG as proof-
of-concept (POC) laboratories to verify the performance of the ref-
erence samples. In addition, the reference samples were analyzed
by Illumina (the CDx manufacturer) using the Praxis Extended
RAS Panel. The POC laboratories also verified the data collection
submission process using the CAP result form (Supplementary
Material S5).

Participating Pilot Laboratories

The Pilot laboratories included 15 academic medical centers and 6
commercial laboratories, with 17 using an Illumina platform, 3 using
Thermo Fisher Ion Torrent platforms, and 1 using another platform.
Pilot laboratories reported performing between 9 and 21,000 NGS

tests per year; 7 laboratories utilized an amplicon-based test, and 14
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2018 2019 2020

Implementation

engineering of wet

labs verify samples

December to March

e Launched in contracts e Completed genetic
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STWG * Reporting form * Shipped wet lab
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FIGURE 1 Sustainable Predictive Oncology Therapeutics and Diagnostics Pilot timeline and highlights. Developmental stages are described with time
intervals of duration assigned to successive calendar years. CAP, College of American Pathologists; NGS, next-generation sequencing; RFP, request for
proposal; SC, steering committee; STWG, Scientific and Technical Working Group.
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TABLE 1 Variants Introduced Into the Wet and Dry Reference Samples

Pfeifer et al ‘ SPOT/DX QUALITY ASSURANCE PILOT

SNV /Small KRAS SNV /Small NRAS
Sample | VAF % | Indel (NM_004985.4) Sample | VAF% | Indel (NM_002524.4)
1A 5.5 SNV KRAS p.Lys117Asn ¢.351A>C 4A 7.0 SNV NRAS p.Ala146Thr ¢.436G>A
Wet ohr12:25378647T>G Wet ohr1:115252204C>T
6.2 SNV KRAS p.Ala59Thr ¢.175G>A 5.7 SNV NRAS p.GIn61His ¢.183A>C
chr12:25380283C>T chr1:115256528T>G
6.9 Small indel KRAS p.Gly13GIu ¢.38_39GC>AA 6.0 SNV NRAS p.Gly12Asp ¢.35G>A
chr12:25398281_25398280CG>TT chr1:115258747C>T
2A 6.3 SNV KRAS p.Lys117Asn ¢.351A>T 5A 6.2 SNV NRAS p.Lys117Asn ¢.351G>T
Wet chr12:25378647T>A Wet chr1:115252289C>A
7.4 SNV KRAS p.GIn61Arg ¢.182A>G 71 SNV NRAS p.GIn61Leu ¢.182A>T
chr12:25380276T>C chr1:115256529T>A
5.4 SNV KRAS p.Gly12Asp ¢.35G>A 8.6 Small indel NRAS p.Gly12Trp ¢.34_36GGT>TGG
chr12:25398284C>T chr1:115258748_115258746CC
A>ACC
3A 7.5 SNV KRAS p.Ala146Pro ¢.436G>C 6A 5.6 SNV NRAS p.Ala59Thr ¢.175G>A
Wet chr12:25378562C>G Wet chr1:115256536C>T
5.3 SNV KRAS p.GIn61His ¢.183A>C 6.7 Small indel NRAS p.Gly13Glu ¢.38_39GT>AA
chr12:25380275T>G chr1:115258744_115258743CA>TT
5.1 Small indel KRAS p.Gly12Trp ¢.34_36GGT>TGG 8.4 SNV NRAS p.Gly12Val ¢.35G>T
chr12:25398285_25398283CCA>ACC chr1:115258747C>A
1B 5.0 Small indel KRAS p.Gly13Glu ¢.38_39GC>AA 4B 15.0 SNV NRAS p.Gly12Asp ¢.35G>A
Dry chr12:25398281_25398280CG>TT Dry chr1:115258747C>T
5.0 SNV KRAS p.Ala59Thr ¢.175G>A 15.0 SNV NRAS p.Ala59Thr ¢.175G>A
chr12:25380283C>T chr1:115256536C>T
5.0 SNV KRAS p.Lys117Asn ¢.351A>C 15.0 SNV NRAS p.Ala146Thr ¢.436G>A
chr12:25378647T>G chr1:115252204C>T
2B 5.0 SNV KRAS p.Gly12Asp ¢.35G>A 5B 5.0 Small indel NRAS p.Gly12Trp ¢.34_36GGT>TGG
Dry chr12:25398284C>T Dry chr1:115258748_115258746CC
A>ACC
5.0 SNV KRAS p.GIn61Arg ¢.182A>G 5.0 SNV NRAS p.GIn61Leu ¢.182A>T
chr12:25380276T>C chr1:115256529T>A
5.0 SNV KRAS p.Lys117Asn ¢.351A>T 15.0 SNV NRAS p.Thr148Ser ¢.443C>G
chr12:25378647T>A chr1:115252197G>C
3B 15.0 SNV KRAS p.Gly12Asp ¢.35G>A 6B 15.0 Small indel NRAS p.Gly13Glu ¢.38_39GT>AA
Dry chr12:25398284C>T Dry chr1:115258744_115258743CA>TT
15.0 SNV KRAS p.GIn61His ¢.183A>C 5.0 SNV NRAS p.Gly12Val ¢.35G>T
chr12:25380275T>G chr1:115258747C>A
15.0 SNV KRAS p.Thr127lle ¢.380C>T 15.0 SNV NRAS p.Gly60Glu ¢.179G>A
chr12:25378618G>A chr1:115256532C>T
1C 15.0 Small indel KRAS p.Gly13GIu ¢.38_39GC>AA 4C 5.0 Small indel NRAS p.Gly13Glu ¢.38_39GT>AA
Dry chr12:25398281_25398280CG>TT Dry chr1:115258744_115258743CA>TT
15.0 SNV KRAS p.Ala59Thr ¢.175G>A 5.0 SNV NRAS p.Gly12Val ¢.35G>T
chr12:25380283C>T chr1:115258747C>A
15.0 SNV KRAS p.Lys117Asn ¢.351A>C 5.0 SNV NRAS p.Ala59Thr ¢.175G>A
chr12:25378647T>G chr1:115256536C>T
2C 15.0 Small indel KRAS p.Gly12Trp ¢.34_36GGT>TGG 5C 15.0 Small indel NRAS p.Gly12Trp ¢.34_36GGT>TGG
Dry chr12:25398285_25398283CCA>ACC Dry chr1:115258748_115258746CC
A>ACC
15.0 SNV KRAS p.GIn61Arg ¢.182A>G 15.0 SNV NRAS p.GIn61Leu c.182A>T
chr12:25380276T>C chr1:115256529T>A
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TABLE 1 (cont)

SNV /Small KRAS SNV /Small NRAS
Sample | VAF % | Indel (NM_004985.4) Sample | VAF% | Indel (NM_002524.4)
15.0 SNV KRAS p.Ala146Pro ¢.436G>C 5.0 SNV NRAS p.Lys117Asn ¢.351G>T
chr12:25378562C>G chr1:115252289C>A
3C 5.0 Small indel KRAS p.Gly12Trp ¢.34_36GGT>TGG 6C 5.0 SNV NRAS p.Gly12Asp ¢.35G>A
Dry chr12:25398285_25398283CCA>ACC Dry chr1:115258747C>T
5.0 SNV KRAS p.GIn61His ¢.183A>C 5.0 SNV NRAS p.GIn61His ¢.183A>C
chr12:25380275T>G chr1:115256528T>G
5.0 SNV KRAS p.Ala146Pro ¢.436G>C 5.0 SNV NRAS p.Ala146Thr ¢.436G>A
chr12:25378562C>G chr1:115252204C>T

SNV, single-nucleotide variant; VAF, variant allele fraction.

laboratories used a hybrid capture—based test. All Pilot laboratories
utilized an LDT.

The instructions to the participating laboratories (Supplemen-
tary Material S4) specifically introduced the analytic challenge in
the context of a patient with metastatic colorectal cancer being con-
sidered for treatment with panitumumab, to remind participating
laboratories that reports should align with the CDx labeling. De-
scriptive data about each LDT employed were also collected using
a SPOT/Dx Validation Pilot Result Form. The data included the test
design, specimen requirements, variant alleles, and validated LOD
VAFs, sequencing platform, library preparation method, targeted
depth of coverage, and bioinformatics pipeline features.

Analysis of Reported Data on Sequence Variants

For each laboratory, reported variants were compared with the
genetically engineered variants for both the wet and dry sam-
ples. If a variant was correctly identified, the result was classified
as a true positive. If a variant was not identified, the result was
classified as a false negative (FN); when a sequence variant was
reported that was not the correct sequence variant for that po-
sition (ie, when a laboratory incorrectly identified an engineered
variant), the error was also classified as a FN. Technically, this
latter class of FN represents a “miscall” consisting of a paired FN
and false positive (FP), but to avoid double counting “miscalls,”
they were classified as a FN only. When a laboratory indicated that
the variant was not included in their LDT (variant not tested), the
absence of a result for a variant not tested was not classified as an
error. If a variant was reported at a site not involving an engin-
eered sequence change, it was classified as a FP. The total numbers
for each of these classifications were tracked by laboratory, vari-
ant type (SNV or MNV), sample type (dry or wet), and engineered
VAF. To clarify classification of FNs, participant laboratories were
contacted and asked whether they detected the variant, but it was
below their LDT’s limit of detection.

RESULTS

Aim 1: Traceable Reference Samples
Production of the 18 genetically engineered cell lines was completed
in 14 months; some cell lines’ growth characteristics extended the

production of the wet samples. The relative cost to produce the wet
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samples associated with engineering the mutant cell lines, growth
of the cell lines, mixing cell lines to achieve the targeted VAFs, and
preparing FFPE blocks and sections was significantly greater than
the dry sample cost for in silico mutagenesis and exchange of data
files (current CRISPR technology may be more cost-effective than in
2017-2018). In silico mutagenesis of submitted sequence files was
completed within 2 to 3 days. The final VAF of the wet sample cell
line mixtures ranged from 5.1% to 8.6% LZX:=Rl, as confirmed with
digital PCR by the vendor prior to shipment.

Some Pilot laboratories had difficulty managing sequence file
uploads and downloads via the CAP portal, negotiating institu-
tional firewalls, introducing external sequence files into bioinfor-
matics pipelines, and defining file formats to ensure compatibility
with bioinformatics pipelines. These challenges were resolved via
consultation with CAP and/or P&V Licensing.

Aim 2: Analytic Challenge

Although 20 laboratories were selected for participation as Pilot
laboratories, 2 laboratories withdrew after the reference samples
were distributed, citing insufficient resources to evaluate so many
samples, bringing the number of Pilot laboratories to 18. In addi-
tion, two of the Pilot laboratories completed only the wet sample
testing; they communicated that they did not have sufficient bioin-
formatics expertise to manage the required in silico file manipula-
tions of the dry samples.

Variant detection data from the 21 participating laboratories
are presented in illustrating the results reported by each
laboratory, gene, variant, sample type, and VAF. Two trends are
discernable; first, there was variability in the accuracy of variant
detection among the LDTs, and second, there was an increased fre-
quency of errors for MNVs. is a plot of the error frequency
for individual laboratories.

The data show that 7 (37%) of 19 laboratories correctly reported
all variants for both wet and dry samples; Illumina also correctly
reported all variants for both wet and dry samples using the Praxis
Extended Ras Panel (data not shown). Of the laboratories that tested
both the wet and dry samples, 3 (16%) of 19 had fewer than five
errors, and 9 (47%) of 19 had five or more errors. Statistical compar-
ison of the differences between the accuracy of variant detection of
the LDTs is difficult given that the model variants were not selected
randomly and that the LDTs had differences in LOD and reporting

© American Society for Clinical Pathology
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TABLE 2 Genotyping Results From Pilot Laboratories?

Pfeifer et al | SPOT/DX QUALITY ASSURANCE PILOT

Laboratory Number

KRAS Variants 3 (4(10(12|19(20|21|2 |5

16 |18 |7 |8 |13 |15|6 (14|11 |1 |17

Wet lab samples

KRAS p.Lys117Asn c.351A>C

KRAS p.Ala59Thr c.175G>A

KRAS p.Lys117Asn c.351A>T

KRAS p.GIn61Arg c.182A>G

KRAS p.Gly12Asp c.35G>A

KRAS p.Alal46Pro c.436G>C

KRAS p.GIn61His c.183A>C

KRAS p.Gly13Glu c.38_39GC>AA

KRAS p.Gly12Trp c.34_36GGT>TGG
Dry lab samples, 5% VAF

KRAS p.Lys117Asn c.351A>C

KRAS p.Ala59Thr ¢.175G>A

KRAS p.Lys117Asn c.351A>T

KRAS p.GIn61Arg c.182A>G

KRAS p.Gly12Asp c.35G>A

KRAS p.Alal46Pro c.436G>C

KRAS p.GIn61His c.183A>C

KRAS p.Gly13Glu c¢.38_39GC>AA

KRAS p.Gly12Trp c.34_36GGT>TGG
Dry lab samples, 15% VAF

KRAS p.Lys117Asn c.351A>C

KRAS p.Ala59Thr ¢.175G>A

KRAS p.GIn61Arg c.182A>G

KRAS p.Gly12Asp c.35G>A

KRAS p.Alal46Pro c.436G>C

KRAS p.GIn61His c.183A>C

KRAS p.Thr127Ile ¢.380C>T

KRAS p.Gly13Glu c.38_39GC>AA

KRAS p.Gly12Trp c.34_36GGT>TGG

Laboratory Number

NRAS Variants 3 |4 101219 |20(21|2 |5

16|18 |7 |8 |13 |15|6 (14|11 |1 |17

Wet lab samples

NRAS p.Gly12Val c.35G>T

NRAS p.Gly12Asp c.35G>A

NRAS p.Ala59Thr ¢.175G>A

NRAS p.Alal46Thr c.436G>A

NRAS p.GIn61His c.183A>C

NRAS p.GIn61Leu c.182A>T

NRAS p.Lys117Asn c.351G>T

NRAS p.Gly13Glu c.38_39GT>AA

NRAS p.Gly12Trp c.34_36GGT>TGG
Dry lab samples, 5% VAF

NRAS p.Alal46Thr c.436G>A

NRAS p.GIn61His c.183A>C

NRAS p.Gly12Asp c.35G>A

NRAS p.Lys117Asn c.351G>T

NRAS p.GIn61Leu c.182A>T

NRAS p.Ala59Thr c.175G>A

NRAS p.Gly12Val ¢.35G>T

NRAS p.Gly12Val ¢.35G>T

NRAS p.Gly13Glu c.38_39GT>AA

NRAS p.Gly12Trp c.34_36GGT>TGG
Dry lab samples, 15% VAF

NRAS p.Alal46Thr c.436G>A

NRAS p.Gly12Asp c.35G>A

NRAS p.GIn61Leu c.182A>T

NRAS p.Ala59Thr c.175G>A

NRAS p.Thr148Ser c.443C>G

NRAS p.Gly60Glu c.179G>A

NRAS p.Gly13Glu c.38_39GT>AA

NRAS p.Gly12Trp c.34_36GGT>TGG

VAF, variant allele fraction.

3Green = correct variant reported. Orange = incorrect variant reported (paired false negative and false positive), Red = no variant reported (false
negative alone). Yellow = no variant reported (false negative; laboratory noted that the variant was identified but at a variant allele fraction

below the limit of detection of the laboratory developed test).

(see below). Nonetheless, the Praxis Extended Ras Panel CDx pro-
vides a comparator for clinical NGS identification of the variants.>>?7

The CDx has a published positive percent agreement of 98.7% and

© American Society for Clinical Pathology

negative percent agreement of 97.6%, which, for a set of 54 variants,
corresponds to three or fewer FPs and miscalls, as well as fewer than
five FNs and miscalls (one-tailed z test, P < .05).

Am J Clin Pathol 2022;157:628-638 633
HTTPS://D0I.0RG/10.1093/AJCP/AQAB164

%202 uoIeN Lz uo 1senb Aq ZyeHSy9/829/1/ LG L /e1one/dofe/wod dno-olwepeoe//:sdiy Wwoly pepeojumoq



AJCP | ORIGINAL ARTICLE

Incidental Findings

While the utility of the reference samples for comparison of
LDTs was the goal of aim 2 of the Pilot, the data collected from
participating laboratories included some incidental findings ger-

mane to the use of the reference samples in clinical NGS testing.

Error Trends

Both the wet and dry samples demonstrated a high rate of FN re-
sults for some SNVs and/or MNVs for some laboratories [[f:NEH,
frequently associated with VAFs at or near the LOD of the LDT (see
Minimum VAFs, below). Most errors were associated with MNV

detection fr:[R3.

Minimum VAFs

Participating laboratories self-reported VAFs from 2% to 5% for
SNVs and 3% to 10% for indels as the LOD values for their LDT NGS
assays. Most laboratories, but not all, reported variants when the
VAF was below the LOD of their LDT. The information collected
from participating laboratories did not include their clinical thresh-

old for reporting.

Spectrum of Variants Reported

Several LDTsdid notinclude all variantsincluded in the CDx [JEIEH.
In addition, the dry samples included three variants and
Supplementary Material S6) that have been detected in KRAS and
NRAS but are not included in the CDx,>* and thus the impact on re-
sponse to targeted therapy by these variants is uncertain.*>** Only
3 (17%) of 18 or 2 (11%) of 19 laboratories that detected a non-CDx

variant indicated that the variant would not be reported.

Neoplastic Cellularity

Pilot laboratories reported acceptance of samples with a minimum
tumor cell content ranging from 10% to 30% for their LDTs. The cell
lines in the wet samples were nominally 100% neoplastic, and thus
an online digital slide image challenge was a surrogate measure of
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FIGURE 2 Error rates among laboratories. Data points represent the
number of incorrectly reported variants divided by the number of variants
included in the laboratory’s laboratory-developed test (LDT). If a variant
was not included in the LDT, lack of a correct reported variant was
counted as an error. Lack of correct reported variants from a wet sample
that failed DNA isolation or a dry sample for which a laboratory had
insufficient bioinformatics capacity to complete the analyses were also not
counted as errors.
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laboratories’ preanalytic assessment of specimens.** Depending
on the challenge, up to 22% of laboratories incorrectly estimated

tumor cell content (Supplementary Materials S7 and S8).

DISCUSSION

In this Pilot model analytic challenge, traceable reference samples
evaluated variability in the accuracy of genetic variant detection
among laboratories that performed clinical NGS testing using LDTs.
Differences among the LDTs (and a model CDx) included the LDT
LOD, variants reported, comprehensiveness of testing, and required
specimen tumor cellularity. The results suggested that some LDTs
may not identify the same patient populations as candidates for
targeted therapy as other LDTs or a CDx. Because the NGS analysis
of the reference samples by participating laboratories occurred in
December 2018 to March 2019 [FIEWGIEED, the variability in accuracy
of variant detection identified by the Pilot represents a more con-
temporary interlaboratory comparison of clinical NGS than pub-
lished PT results.”1¢

The Pilot is a novel model for interlaboratory comparison of
clinical NGS in several respects. The Pilot specified variants and
VAFs representative of a disease-specific test to model an actual
clinical encounter. An external, independent comparator with
published performance metrics modeled the accuracy achievable
with appropriate resources, expertise, and test validation. In addi-
tion, the results were assessed by individual LDTs, consistent with
patient care decisions based on findings from a single laboratory.
Because the Pilot differs from conventional laboratory PT in these
fundamental ways, it is difficult to directly compare the results of
the Pilot with those from formal PT programs. However, a number
of advantages and disadvantages of the Pilot compared with con-
ventional PT are nonetheless apparent. To begin with, an analytic
challenge designed for testing within a specific clinical setting is
useful to model an actual patient encounter but presents issues of
scalability. It may be impractical to evaluate all clinical NGS on a
disease-by-disease basis because such a paradigm of laboratory
testing for somatic variants would require independent assess-
ment of the same LDT for each of hundreds of different tumor
types and treatment scenarios. The conventional PT approach of
unrelated variants without context to a specific disease process
may prove helpful to streamline some aspects of comparisons be-
tween laboratories. Next, while the Pilot shows that engineered
cell lines isogenic except for the introduced variant are useful
for interlaboratory comparisons, these standards are costly and
time-consuming to produce (although both costs and the time re-
quired continue to decrease). The use of so-called spike-in stand-
ards to produce wet laboratory samples with a broader range of
variants at a wider range of VAFs in formal PT has proven to be
an advantageous alternative,’® although the biologic equivalence
of “spike-in” approaches remains uncertain. Similarly, the use of
in silico mutagenized sequence files offers the advantage of rapid
and cost-effective production of dry standards with a unlimited
number, type, and combination of variants, at any VAF, but their

utility is limited to evaluation of the bioinformatics component

© American Society for Clinical Pathology
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of NGS.192129-31 I addition, the Pilot highlights that the utility of
in silico standards is also currently disadvantaged by the lack in
some clinical NGS laboratories of sufficient expertise to manage
the required sequence file uploads and downloads. Finally, pooled
results from a very large number of clinical NGS laboratories as
provided by published reports of formal PT programs provide a
useful overview of the landscape of clinical NGS in some detail.’"1¢
However, evaluation of results on an LDT-by-LDT basis, as in this
Pilot, has the advantage of providing the opportunity to discover
systematic errors in some laboratories that may be undiscernible
in aggregate data. The individual laboratory data analysis mod-
eled by the Pilot may enable a more targeted approach of quality

assurance activities to where improvement is most needed.

Aim 1: Traceable Reference Samples

Direct statistical comparison of wet vs dry samples was not possi-
ble because the cell lines could not be mixed to a target VAF with
the precision achievable via computerized mutagenesis of sequence
files, but the data suggest these two types of samples are comple-
mentary for evaluation of clinical NGS test performance (Supple-
mentary Material S9).

Wet samples permit the evaluation of the total NGS testing
process from nucleic acid extraction through results reporting.
Engineered cell lines are more sustainable than residual clinical
specimens as reference samples, may be used fresh or as an FFPE
cell block, and may serve as intra- and interlaboratory stand-
ards. Such reagents have been extensively used by government
agencies, professional organizations, and commercial entities for
implementation in NGS test validation and quality control.*¢-48
However, as this Pilot shows, engineered cell lines can be costly
and time-consuming to develop and propagate; it took 14 months
to develop a panel of engineered cell lines for a selected set of just
18 SNVs and small indels for only two genes. The requirement for
sequence variants to be inserted into the same parental cell line
at the endogenous genomic locations avoided possible problems
caused by bioinformatics pipelines recognizing a mixture of ge-
nomic backgrounds, with subsequent rejection of the specimen
as contaminated.*%*2 This approach also facilitated production of
mixtures harboring several variants, with defined VAFs, without
sequence artifacts associated with introduction of the variants,
but contributed to the expense and time required. Other ap-
proaches for generating wet samples with variants at predefined
allelic ratios have been described that are less expensive and
time-consuming, including addition of chemically synthesized
or plasmid-based nucleic acids to reference cell lines or DNA
standards.®?5-28 However, these types of reference samples may
not represent the preanalytical conditions of specimen hand-
ling, nucleic acid isolation, bioinformatics, and range of variants
and variant combinations encountered in routine clinical NGS
workflows. 13212

Dry samples of the type used in this Pilot, produced by custom-
ized in silico mutagenesis of sequence files, may be economically
and rapidly produced to facilitate more flexible design of sequence
variant types, of various mixtures, and with different VAFs, as
demonstrated by this Pilot and previous projects.!”?°-3! However,

© American Society for Clinical Pathology
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their utility is limited to assessment of the bioinformatics com-
ponent of an NGS test, as has been emphasized.’*??°-*! The use
of in silico reference samples requires a well-developed informa-
tion technology infrastructure to support sequence file transfers
between participating laboratories and the entity performing the
computerized mutagenesis. The Pilot demonstrates that a subset
of laboratories does not currently have the bioinformatics expertise
to easily manage the file transfers or import mutagenized data files
into their laboratory’s bioinformatics pipeline for sequence variant
detection and analysis, a finding consistent with prior observa-
tions.!?202% Formally, for the subset of Pilot laboratories that were
not facile with the use of file transfers or import of data files, there is
uncertainty as to whether the LDT results for the dry samples are a
reliable measure of the LDT’s accuracy, although the datain
indicate that there was no systematic difference in performance
between wet and dry samples for any participant laboratory. In
addition, formal PT based on in silico mutagenized NGS sequence
files has been offered commercially for several years,*® indicating
that while the logistics of the in silico approach can be problem-
atic, they can routinely be overcome by clinical NGS laboratories.
Nonetheless, engagement with NGS platform manufacturers and
bioinformatics vendors to simplify the process of inserting exter-
nal data files for performance quality measurements might remedy

these issues.

Aim 2: Analytic Challenge

The LDTs from a subset of laboratories (7/19; 37%) correctly iden-
tified all variants in the reference samples, indicating that clinical
NGS laboratories with appropriate resources and expertise can
achieve a very high level of performance.

Variable accuracy in detection and interpretation of MNVs com-
pared with SNVs was evident, consistent with prior studies.!®8>0:5
Several laboratories also failed to correctly identify some SNVs,
which is a novel observation, and the percentage of FNs and incor-
rect calls is significantly higher than previously reported.”?'¢ Two
differences between the Pilot and prior studies might explain this
divergence. First, the Pilot focused on low VAFs near the reported
LOD of the LDTs of the Pilot laboratories; other studies focused on
higher VAFs, generally from 10% to 50%. Second, the Pilot employed
a diversity of RAS variants, while prior studies evaluated a limited
set of variants.

An important caveat to the data is that the potential clinical sig-
nificance of variant identification errors was not evaluated. In the
context of the Pilot, the presence of any of the 56 RAS gene variants
included in the CDx would exclude the patient from panitumumab
therapy (ie, the NGS test is performed to rule out therapy). Con-
sequently, a FP could rule out panitumumab therapy, while a FN
might have a detrimental effect on the treatment efficacy or clinical
outcome.’>*> The consequence of an incorrect result is likely to be
different in other settings, for example, when identification of a
specific variant is required for inclusion of a patient for targeted
therapy.

Similarly, the frequency of di- and trinucleotide sequence
changes vs SNVs in both the wet and dry samples in the Pilot was
increased relative to the frequency of MNVs vs SNVs in KRAS and
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NRAS exons 2, 3, and 4 in clinical cases of colorectal carcinoma.*>#4

While the Pilot’s results reveal that a subset of LDTs cannot relia-
bly detect some MNVs and SNVs, the results do not provide a direct
measure of the proportion of patients with colorectal cancer who

might be affected in clinical practice by these errors.

Incidental Findings
While not the focus of the Pilot, given their likely impact on patient
care, the incidental findings indicate aspects of clinical NGS that

may warrant further systematic evaluation.

Minimum VAFs

Information related to assay validation characteristics collected
from participating laboratories did not capture details used to estab-
lish the LOD or the clinical threshold (CT) for reporting for each LDT.
Although many laboratories reported variants that were detected
at VAFs below the validated LOD for their respective LDT, at least 3
(14%) of 21 laboratories did not report variants based on the meas-
ured VAF established for their LDT when the VAF was below the LOD
of their LDT. The approach of this latter group of laboratories would
not be concordant with the scheme of the CDx (in which a variant is
reported if its VAF is below the LOD of the test as long as the VAF is
above the CT of the test). The Pilot did not collect data about inter-
pretive comments that laboratories may include with clinical reports
to explain variants with a VAF below the LOD of their LDT.

The LOD (ie, the minimum VAF) for which an assay is validated
and the approach used to report variants detected below the LOD
have become increasingly significant clinical issues as the extent of
intratumoral heterogeneity and the impact of intratumoral hetero-
geneity in response to therapy have become increasingly clear.>*>°
Although the minimum tumor cellularity of the Praxis Extended
Ras Panel CDx is 50%, the range of tumor cellularity in the sample
requirements of the LDTs performed by participating laborator-
ies in the Pilot ranged from 10% to 30%. Because VAFs of 5% (or
even lower) will be routinely encountered from clinical specimens
(Supplementary Material S10), the lack of clarity regarding how
laboratories report variants with VAFs below the LOD of their test
is a significant finding and suggests areas for further evaluation to

ensure quality NGS testing.

Variants Not Included in the CDx

The dry specimens in the Pilot included three sequence variants not
targeted by the CDx, which would therefore not disqualify a patient
for panitumumab therapy. The finding that only 11% to 17% of LDTs
included a reporting scheme for these three variants aligned with
FDA labeling for drug use is a novel observation and may be another
source of variability among LDTs.

Neoplastic Cellularity

The finding that some laboratories were unable to correctly esti-
mate tumor percentage in the range relevant to this Pilot is con-
sistent with prior published results** and is problematic because
tumor cellularity affects the sensitivity of NGS for identifying
somatic variants. However, whole-slide estimates of tumor cell
content as performed in the Pilot may not reflect the relative tumor

cell content achieved by microdissection or coring of FFPE tissue
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samples, tumor cell enrichment steps that many clinical laborator-

ies employ prior to nucleic acid preparation.

Limitations of the Pilot Study

The SPOT/Dx Pilot study had several limitations. First, the study
focused on low VAFs and included a few rare sequence variants.
This range of VAFs and variants may not represent those encoun-
tered in routine clinical practice. Second, the study consisted of
a relatively small number of nonrandomly selected laboratories.
The POC laboratories were chosen based on recognized experi-
ence and expertise in clinical NGS; the Pilot laboratories were
selected to represent a cross section of different LDTs in different
practice settings from laboratories that volunteered in response
to a solicitation from CAP’s NGS proficiency testing survey parti-
cipants. These laboratories and their respective LDTs may not rep-
resent the broader landscape of laboratories that perform clinical
NGS in CLIA-certified environments. Third, due to the small sam-
ple size, subgroup analysis was not feasible to determine whether
specific patterns of errors were dependent on specific character-
istics of LDTs. Fourth, the CDx was not commercially available
in the United States at the time of the study; therefore, LDT per-
formance could not be directly compared with the CDx by Pilot
laboratories. Fifth, the SPOT/Dx Pilot design with wet samples
and dry samples representing nominally 100% tumor cellularity
did not permit direct evaluation of laboratories’ determination
of neoplastic cellularity of tissue samples. Sixth, the Pilot did not
collect content from participating laboratories that would have
been included in actual clinical reports. Additional information on
problematic findings (eg, of a variant with a VAF below an LDT’s
LOD or of a sequence change outside the 56 specific mutations of
the CDx) might be provided in the interpretive comments of clini-
callaboratory reports, which might mitigate some of the reporting
issues identified by the Pilot.

CONCLUSIONS

The SPOT/Dx Pilot study demonstrated that reference samples
can be developed to support an analytic challenge to evaluate
interlaboratory performance of NGS LDTs. It is likely that these
samples will also have utility for directly comparing the perfor-
mance of NGS LDTs with companion diagnostic assays. While
both wet samples and dry samples have advantages and disad-
vantages, the Pilot’s results illustrate strategies for reference
sample development that may be useful to measure comparable
performance of LDTs and CDxs in a pragmatic, efficient, and
sustainable manner.

The Pilot showed differences among NGS LDTs with respect
to the correct identification of SNVs and MNVs, both with respect
to one another and to the published accuracy of the model CDx.
The pace of scientific advancement, the timelines required to
obtain FDA approval for a CDx, and the intrinsic pairing of most
CDxs with a narrow range of clinical interventions limit the avail-
ability of CDxs to encompass most routine clinical NGS testing,

which will necessarily therefore be performed by LDTs. These
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aspects of clinical NGS emphasize the need for reference stand-
ards to assist laboratories in the optimization and validation of
LDTs, as well as for evaluation of performance among clinical
NGS laboratories.

The differences in preanalytic variables, variant identifica-
tion, and reporting indicate that the LDTs of participating labora-
tories for SNVs and MNVs may not be interchangeable with an
FDA-approved CDx for identification of patients as candidates for
gene-targeted therapy. Given that current clinical NGS testing en-
compasses a broader range of sequence variations (including CNVs,
SVs, microsatellite instability, and tumor mutational burden) as
well as a more extensive range of assay designs (including analysis
of cell-free DNA, RNA sequence analysis, and even the whole ge-
nome*®), the results of this Pilot suggest that additional reference
sample designs and approaches to laboratory comparison will
likely have utility for evaluation of laboratory performance more

broadly.
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