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Lung cancer is a paradigm for a genetically driven tumor. A variety of drugs were developed targeting specific biomarkers requiring testing for tumor genetic alterations in relevant biomarkers. Different next-generation sequencing technologies are available for library generation: 1) anchored multiplex-, 2) amplicon based- and 3) hybrid capture-based-PCR. Anchored multiplex PCR-based sequencing was investigated for routine molecular testing within the national Network Genomic Medicine Lung Cancer (nNGM). Four centers applied the anchored multiplex ArcherDX-Variantplex nNGMv2 panel to re-analyze samples pre-tested during routine diagnostics. Data analyses were performed by each center and compiled centrally according to study design. Pre-defined standards were utilized, and panel sensitivity was determined by dilution experiments. nNGMv2 panel sequencing was successful in 98.9% of the samples (N = 90). With default filter settings, all but two potential MET exon 14 skipping variants were identified at similar allele frequencies. Both MET variants were found with an adapted calling filter. Three additional variants (KEAP1, STK11, TP53) were called that were not identified in pre-testing analyses. Only total DNA amount but not a qPCR-based DNA quality score correlated with average coverage. Analysis was successful with a DNA input as low as 6.25 ng. Anchored multiplex PCR-based sequencing (nNGMv2) and a sophisticated user-friendly Archer-Analysis pipeline is a robust and specific technology to detect tumor genetic mutations for precision medicine of lung cancer patients.
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INTRODUCTION
Lung cancer, specifically non-small cell lung cancer (NSCLC), covering the large entity of adenocarcinomas of the lung, is a paradigm for precision medicine as there are several tumor drivers known for which targeted drugs have been developed, tested and approved by legal bodies, e.g., EMA (European Medicines Agency), FDA (Food and Drug Administration) and many others [1, 2]. In precision medicine, therapies are patient tailored (personalized medicine) depending on the genetic make-up of the tumor which has to be determined by molecular diagnostics also known as companion diagnostic or theranostic in this context [3–5]. Due to the many known tumor genetic alterations found in lung cancer on the one hand and low amounts of tissue (biopsy, aspirates) on the other hand it is of great advantage to run molecular pathological analyses using multiplexing systems. Thus, NGS (next-generation sequencing) is a good choice and therefore used by many laboratories [6].
In Germany, the national consortium nNGM (national Network Genomic Medicine lung cancer) was established to provide central high quality and continuously advanced diagnostic testing of lung cancer patients from university hospitals, specialized lung clinics and local practices by more than 20 regional university pathology centers. This structure warrants both expertise and up to date molecular pathological diagnostics for the daily care of lung cancer patients [7].
The nNGM follows the strategy to provide a cost-effective analysis of genes/biomarkers that are associated with therapeutic options (EMA approved drugs) or are investigated in German clinical trials which can be reimbursed by German health insurances. However, the reimbursement contract hardly covers the costs for utilization of larger NGS panels. Therefore, a small panel covering mutation hotspots/biomarkers in NSCLC was designed.
The nNGM algorithm includes besides immunostaining of certain markers (e.g., PD-L1) the parallel analyses for single and small multi nucleotide variants on DNA level as well as testing for gene fusions/translocations. Currently, the nNGM guidelines require on the one hand the NGS analysis of pre-defined genomic regions within 26 genes on DNA level. However, the NGS technology of choice is not mandatory. On the other hand, the method of choice for gene fusion/translocation/isoform analyses (ALK, MET exon 14 skipping, NTRK1/2/3, ROS1, RET) is not stipulated, accepting results from various validated methods including FISH (fluorescence in situ hybridization) and NGS (DNA- or RNA-based).
Since different methods, besides NGS, are allowed for gene fusion determination, here we only focus on the cost-effective NGS nNGM DNA panel for the determination of single nucleotide variants, insertions/deletions, duplications and splice site variants. The second version of the nNGM panel (nNGMv2) comprises: ALK, BRAF, CTNNB1, EGFR, ERBB2, FGFR1, FGFR2, FGFR3, FGFR4, HRAS, IDH1, IDH2, KEAP1, KRAS, MAP2K1, MET, NRAS, NTRK1, NTRK2, NTRK3, PIK3CA, PTEN, RET, ROS1, STK11 and TP53.
Different NGS technologies are available for library generation: 1) anchored multiplex- (AMP), 2) amplicon based- (AMPL) and 3) hybrid capture-based (HCP) -PCR [8, 9].
Archer’s VariantPlex technology is based on AMP and has several advantages including low required DNA-amount, high specificity, fast hands-on protocol and easy parallel sample-handling [9]. Moreover, a free sophisticated analysis pipeline is available (Archer Analysis suite, Archer DX). AMP utilizes primer extension and represents an efficient way for specific amplification of DNA (either genomic or cDNA). This technique takes advantage of two different gene specific primers (GSP1, GSP2) per target and allows the amplification of DNA of low quality and or at low amounts [9].
The aim of this multiccentric study was to establish and validate an AMP based cost-efficient NGS panel (ArcherDX VariantPlex nNGMv2), fulfilling the minimum requirements of the nNGM. Therefore, a panel was defined by the nNGM, subsequently designed by ArcherDX and finally tested and validated in a joint effort of four nNGM centers.
MATERIALS AND METHODS
Study design and samples
The study design is depicted in Figure 1. Briefly, the German Institutes of Pathology of the Goethe University (Frankfurt)—center CA, Justus-Liebig University Giessen (Giessen)—center CB, Ludwig-Maximilians-University (Munich)—center CC and University of Ulm (Ulm)—center CD participated in this study. Each center selected 21 to 26 DNA samples (in total 93 samples) from its archives that had been previously analyzed during routine diagnostics by panel sequencing/NGS. DNA had been isolated from formalin fixed paraffin embedded (FFPE) NSCLC tumor samples. The samples were selected to 1) encompass a large repertoire of different tumor genetic variants [SNV (single nucleotide variants); ins (insertions); del (deletions); delins, dup (duplications); splice site variants; rare variants] relevant in NSCLC treatment, 2) comprise a spectrum of low to high DNA concentrations (1–392 ng/μL, median = 23 ng/μL) as well as 3) to cover a broad range of tumor cell contents (2%–90%, median = 50%). The same DNA samples which had been used for the initial routine diagnostics were enrolled in the present validation of our custom ArcherDX VariantPlex nNGMv2 panel (for simplicity mentioned from now on as nNGMv2 panel, ArcherDX, Boulder, CO, United States). In addition, two patient samples (CC-02-28 and CC-03-29) were utilized for serial DNA dilution/reduction experiments for investigating sensitivity and reproducibility. Finally, the commercial Horizon OncoSpan FFPE control (Catalog ID: HD832; Horizon Discovery Ltd., Cambridge, United Kingdom) containing 26 variants verified by NGS and digital droplet PCR of which 13 were covered by our custom panel were analyzed by two centers.
[image: Figure 1]FIGURE 1 | Study design. *Low leftover DNA volume (∼1/3 of the recommended volume).
Histopathological samples and DNA extraction
Leftover DNA isolated from tissue samples of NSCLC patients was used after completion of all diagnostic analyses. Originally, sections from FFPE tissue samples were prepared followed by hematoxylin-eosin (H&E) staining of a representative slide. Areas containing appropriate densities of tumor cells (Supplementary Table S1) were defined and marked by expert pathologists and used as blueprints for transferring marked areas onto unstained serial tissue sections. Marked areas were microdissected under microscopic control and genomic DNA was subsequently isolated using QIAamp DNA Micro Kits (Qiagen, Hilden, Germany; Center CA), Maxwell RSC FFPE Plus DNA Kits (Promega, Madison, WI, United States; Center CB), GeneRead DNA FFPE Kits (Qiagen; Center CC) or Qiagen FFPE AllPrep Kits (Qiagen; Center CD) according to the respective manufacturer’s instructions. DNA concentrations were measured using Qubit3 (Centers CB, CC) or −4 (Centers CA, CD) fluorimeters (Thermo Fisher Scientific, Waltham, MA, United States) (Supplementary Table S1).
Next-generation-sequencing (NGS) analyses
The routine pre-analyses were performed using Illumina or IonTorrent sequencing instruments together with different panels and analysis pipelines. All analyses used the human reference genome version 19 (hg19) for the alignment and annotation processes. The establishment/validation of the custom nNGMv2 panel analyses were conducted as follows. Briefly, the DNA quality control score (DNA QC Score) of each sample was analyzed using Archer PreSeq DNA QC KITs (ArcherDX) using 5 µL of 1 ng/μL DNA as input. A DNA QC score limit of a maximum of 13.5 was chosen. The recommended DNA input (9.4–359.0 ng; median 102.0 ng) for library preparation based on the QC score was calculated using the PreSeq Calculator.1 NGS library preparations were performed according to the Archer VariantPlex Somatic Protocol for Illumina. Library concentration and quality were measured employing Qubit3- (Centers CC, CB) or −4 fluorimeters (Centers CA, CC, CD) (Thermo Fisher Scientific) and 2100 Bioanalyzer (Center CB, CD) or Tapestation instruments (Center CA) (Agilent Technologies, Santa Clara, CA, United States). Subsequently, libraries were sequenced on different Illumina instruments using appropriate flow cells, different library loading concentrations, cluster densities and clusters passing filters. FastQ files were generated from raw sequencing data employing Local Run Manager off-instrument 2.0 (Centers CC, CD; Illumina) and compiled to a single FastQ file per read direction per case by using a self-written python-script (FASTQ Merger v.1.0, CC) or other applications. All further analyses, including quality control and variant calling, were performed applying the cloud-based instance Archer Analysis Unlimited Version 6.2.7. Amongst others, the following sequencing quality metrics were applied: 1) mean target coverage ≥ 100; 2) unique fragment filtered on target percent ≥ 80%; 3) unique fragment total ≥ 150,000; 4) average unique DNA start sites per GSP2 ≥ 50. Analyses that did not pass all four quality limits were evaluated individually by including additional parameters presented in Supplementary Table S2.
Variant calling, annotation and evaluation
For the initial routine analysis different analysis software and variant calling tools were used. The cut offs for minimum allele frequencies (AF) of previously reported variants were: Center CA 5%, CB 2% (1% at low tumor cell content), CC 3% and CD 5%.
During the validation of the custom nNGMv2 panel the Archer Analysis 6.2.7 default “somatic” filter applying a minimum AF of 2.7% was used. For the detection of MET intron variants potentially resulting in MET exon 14 skipping a custom filter was used with the following additional settings: Filter Consequence like “intron_variant”; Symbol is MET. No filter was used for variants reported in the initial routine analysis with AF below 2.7%.
Variant annotation was performed using the Archer Analysis 6.2.7 as well as the IGV (Integrative Genomics Viewer, Broad Institute, Boston, MA, United States [10]) and the COSMIC (catalogue of somatic mutations in cancer (Sanger-Cancer Center, Cambridge, United Kingdom [11]) database.
Clinical relevance of the identified tumor variants was classified by the standard evaluation algorithm of each center including the ClinVar [12], COSMIC [11] JAX CKB,2 OncoKB [13] and Varsome [14] databases/tools. Only likely pathogenic, pathogenic and VUS (variant of unknown significance) variants were reported. Gene variants being a predictive biomarker for EMA or FDA approved targeted therapies were considered “clinically relevant.” Detailed information on identified variants can be found in Supplementary Table S1.
Statistical analysis
For the correlation of sequencing parameters Spearman’s test was applied using Graphpad Prism 8 (GraphPad Software, Inc., San Diego, CA, United States). Rank correlation values were considered as: very strong relationship: >0.7, strong: 0.40–0.69, moderate: 0.30–0.39, weak: 0.20–0.29. p-values lower than 5% (p < 0.05, two-sided) were defined as statistically significant.
RESULTS
Design and specifications of the custom ArcherDX VariantPlex nNGMv2 panel
The nNGM (national Network Genomic Medicine lung cancer) demands the detection of defined areas including variant hot spots in 26 Genes (ALK, BRAF, CTNNB1, EGFR, ERBB2, FGFR1, FGFR2, FGFR3, FGFR4, HRAS, IDH1, IDH2, KEAP1, KRAS, MAP2K1, MET, NRAS, NTRK1, NTRK2, NTRK3, PIK3CA, PTEN, RET, ROS1, STK11, TP53). Alterations in these genes are associated with targeted therapies either approved for NSCLC or other solid tumor entities (off-label options) by the EMA, being studied in clinical trials or having other clinical indications (TP53). Biomarkers and associated EMA approved drugs or targeted inhibitors are summarized in Table 1.
TABLE 1 | Covered genes and associated EMA approved drugs or targeted inhibitors.
[image: Table 1]Notably, for the detection of variants resulting in exon 14 skipping of the MET gene coverage of the whole intron 13 and exon 14 as well as 100 bp of intron 14 of the MET gene are required to cover also non canonical splice site variants located more distant from the consensus splice sites. Moreover, the nNGMv2 panel covers 12 additional single nucleotide polymorphisms [SNP, rs17793354, rs987640, rs2269355, rs321198, rs338882, rs3780962, rs6444724, rs6811238, rs9951171, rs233214 (X-Chr), rs4829207 (X-Chr), Yp11.2 (Y-Chr)] for genetic identification and verification of tissue (ID-marking) especially in situations of multiple or resistance testing.
Therefore, a specific genomic content (exons, chromosomal regions) was defined on behalf of the nNGM (AH, Cologne) and subsequently converted into the custom nNGMv2 sequencing panel based on the Archer AMP technology by Archer’s design team. This panel includes unique molecular identifiers (UMIs) and was validated by the molecular pathology laboratories of the four nNGM centers University of Frankfurt (center CA), Giessen (CB), Munich (CC) and Ulm (CD). Detailed information on the covered genes, exons/introns and exact chromosomal areas are presented in Supplementary Table S3.
Study design and validation approach
The study design is depicted in Figure 1. First, each center assembled a list of NSCLCs which were pre-analyzed during routine diagnostics following nNGM regulations. A subset of cases (N = 93) was selected encompassing a large repertoire of tumor genetic variants relevant in NSCLC treatment and the majority of genes present in the nNGMv2 panel. Second, DNA quality was determined by qPCR (Archer PreSeq DNA QC, quality score had to be CT ≤ 13.5) allowing N = 90 (96.8%) to pass to the third step, the NGS of the samples using the newly designed nNGMv2 panel. MiniSeq (CB), MiSeq (CA, CB, CD) or NextSeq500/550 (CB, CC) sequencing devices (all Illumina) were used (Table 2). Fourth, for reasons of comparability, all results were analyzed applying the same Archer Analysis 6.2.7 software. N = 89 (98.9%) of the tested cases passed the Archer analysis pipeline and study internal quality requirements (Table 3, average values from all samples; Supplementary Table S2, values for each sample). Fifth, the resulting variant calls were annotated and evaluated for clinical relevance using not only Archer Suite’s built-in annotation algorithm, but also IGV, COSMIC, Clinvar, JAX CKB, OnkoKB and Varsome. Sixth, in a final step these results were compared to those of the original analyses (Figure 1). Finally, for the determination of sensitivity and robustness of the nNGMv2-panel 1) serial DNA dilution experiments of two cases (center CC) and 2) the Horizon OncoSpan FFPE standard (centers CB and CC) were included, respectively.
TABLE 2 | Technical parameters.
[image: Table 2]TABLE 3 | Summary of quality control parameters of all samples.
[image: Table 3]Testing
All participating nNGM centers applied their own standard workflow during routine pre-testing and nNGMv2 analyses starting from nucleic acids extraction and ending with calling/annotation/evaluation of variants (Supplementary Table S1). Each center contributed more than 20 cases (21–26, average 22.5 per center, total N = 93, Figure 1 and Table 2) to this validation study. Subsequently, DNA quality was determined with Archer PreSeq DNA QC qPCR kits and the resulting DNA QC scores were transformed into DNA input as described in Materials and Methods. N = 90 (96.8%) DNA passed the test and were thus used as an input for NGS library preparation using nNGMv2 kits, sequencing, data processing and cloud-based Archer Analysis 6.2.7 as mentioned in Materials and Methods.
The Archer Analysis software 6.2.7 is available as an 1) on-premise installable virtual machine (VM, UNIX system) or 2) cloud-based instance (Archer Analysis Unlimited Version 6.2.7). In this study, a study-private instance of the cloud-based v6.2.7 was utilized for the analysis of each case. Resulting variants and annotations were revised according to the HGVS (Human Genome Variation Society [15]) nomenclature using IGV and COSMIC, which was especially necessary for variants affecting more than one base pair [multi-nucleotide variants (MNV), del, delins, dup, ins]. As mentioned above, each center evaluated the clinical/biological relevance based on their default classification system. In addition, variants, complying with HGVS rules, from all centers were submitted together with their reference NM-ID (MANE sequence) to ClinVar retrieving their pathogenic potential based on ClinVar evaluation criteria utilizing a NCBI Application Programming Interface (API)3 in an iterative manner applying a self-written python-code (PathInfony v.1.4.4, CC) (Supplementary Table S1).
Quality control (QC)
As DNA isolated from FFPE tissue is usually of lower quality compared to fresh tissue it might be important to know the usefulness of individual DNA isolates. Information about the isolated DNA can be obtained from different parameters including DNA concentration measurement and DNA QC scores (Archer PreSeq DNA QC). Parameters indicating the quality of NGS libraries are amongst others average coverage and mean length of unique fragments of the libraries (Table 3). Expectedly, the average number of unique start sites per GSP2 (gene specific primer) displayed a very strong correlation with average coverage (Spearman coefficient 0.815, p < 0.0001, Figure 2A) indicating the usefulness of these parameters given by the Archer analysis pipeline. Neither DNA concentration nor DNA QC score correlated with average coverage (Figures 2B, D) nor fragment length (Figures 2E, F). Only total amounts of DNA used as input for NGS library preparation showed a strong correlation with average coverage (Spearman coefficient 0.48, p < 0.0001, Figure 2C).
[image: Figure 2]FIGURE 2 | Correlation of various technical parameters with sequencing quality. Spearman correlation was performed with the indicated parameters (A–F) and correlation coefficients, p-values and R2 values are shown. DNA QC score was determined with the Archer PreSeq DNA QC KIT as described in Materials and Methods.
Characteristics of the VariantPlex nNGMv2 panel
To test whether reduced DNA concentration but similar total DNA input amounts influence the performance of the panel (Figure 3, Supplementary Table S4) a serial dilution of DNA from case CC-02-28, harboring a KRAS G12C alteration, was performed (44.0, 4.4, 2.6 and 0.9 ng/μL) and similar amounts of total DNA from each dilution were used for library preparation. No substantial changes regarding 1) average coverage (Figure 3A), 2) on target deduplication (Figure 3C) and 3) other parameters (Figure 3B) as well as 4) the KRAS G12C specific coverage and AF (Figure 3D) were observed indicating a high robustness of this panel. Next, a serial reduction of total input DNA (about 200, 100, 50, 25, 12.5 and 6.25 ng) of case CC-03-29 with an EGFR Exon 19 deletion was conducted (Figure 4, Supplementary Table S4). As expected, a continuous coverage reduction at lower DNA amounts was observed. However, even at 6.25 ng total input DNA an average UMI coverage of 494 (Figure 4A) and a target specific coverage for the EGFR Exon 19 deletion, much higher than the nNGM requirements for UMI panels (∼100), of 697 at similar AF (Figure 4D) were achieved. Expectedly, deduplication rates, an indirect measure for the multiplicity of genomes, increased notably below 25 ng DNA input (Figure 4C). Inversely corresponding, average unique DNA start sites per GSP2 were greatly reduced below 25 ng DNA to 134 at 6.25 ng but still much higher than the threshold of 50 (Figure 4B).
[image: Figure 3]FIGURE 3 | Reduction of DNA concentration does not influence the performance of the nNGMv2 panel. DNA from CC-02-28, harboring a KRAS G12C alteration, was diluted to 44, 4.4, 2.6 and 0.9 ng/μl and similar total amounts of DNA (44–50 ng) were used for library preparation. DNA concentration was plotted against the indicated sequencing quality parameters (A–D). Dashed lines, cut-offs of the shown parameters.
[image: Figure 4]FIGURE 4 | The AMP nNGMv2 panel delivers robust sequencing results with DNA input as low as 6.25 ng. Two hundred, 100, 50, 25, 12.5 and 6.25 ng DNA from case CC-03-29 harboring an EGFR Exon 19 deletion were used for library preparation. DNA amount was plotted against the indicated sequencing quality parameters (A–D). Dashed lines, cut-offs of the shown parameters.
Taken together, these data indicate that the nNGMv2 panel performance is excellent and stable covering a broad range of DNA input conditions starting with an input as low as an equivalent of 1,000 cells in a reliable manner even in situations where the input material is of lower quality.
Performance of the nNGMv2 Archer analysis pipeline—testing of a pre-defined FFPE control tissue
In order to evaluate accuracy and specificity of the nNGMv2 panel two centers (CB and CC) subjected the Horizon OncoSpan FFPE control, comprising 13 variants that were cross validated by Horizon with NGS and digital droplet PCR and covered by this panel, to NGS (Supplementary Table S5). All 13 alterations, including three deletions, were identified by both centers and the majority of the variants (80.8%) were detected at AF within the acceptance criteria. Only one variant (PIK3CA E545K) was called by both centers at AF outside the acceptance range (7.00%–10.60%; CB, −3.71%; CC, +18.01%).
Performance of the nNGMv2 Archer analysis pipeline—comparison with pre-testing results
To investigate the performance, including specificity (variant calling) and precision (AF), of the nNGMv2 panel, the results of the Archer Analysis pipeline were compared with the outcomes of the previous routine diagnostics (N = 89; Table 4). QC parameters and variant calling limits as well as the variant evaluation algorithm are described in detail in Materials and Methods. The pre-testing of the cases included different analysis pipelines including IonReporter, Qiagen CLC Workbench and an in-house Illumina pipeline (Tables 2, 4). Sequencing quality of the nNGMv2 panel analyses and of the various utilized Illumina systems are presented in Table 2 per center. The analyzed samples displayed tumor cell contents ranging from 2% to 90% (median = 50%) (Supplementary Table S1). In total, 192 variants were called in the pre-testing analyses in almost all (24—ALK and HRAS missing) of the 26 genes present in the nNGMv2 panel including 25 deletions (EGFR, KEAP1, MET, PIK3CA, PTEN, STK11, TP53), nine deletion insertions (EGFR, FGFR2, IDH1, KRAS, MET, TP53), six duplications (EGFR, KEAP1, STK11, ERBB2) and seven splice site variants (MET, TP53). All alterations but two MET intron 13 non-consensus splice variants that might be leading to exon 14 skipping (not confirmed on RNA level) were identified with the Archer Analysis default filter settings. When applying an adapted filter for MET intron variants (see Methods) both variants were called. Moreover, three additional variants that were in principle covered by the employed NGS panel (KEAP1 and STK11 truncation variants and a TP53 point mutation) but not called during pre-testing by the utilized algorithms were identified with the nNGMv2 panel. An excellent precision of the developed panel regarding AF of the variants was also observed. The median AF difference was 0.29% and only 13 variants displayed a difference in AF greater than 10%. In summary of all validation steps, the nNGMv2 panel displayed an excellent specificity, precision as well as robustness. The panel was successfully applied to samples with low cell numbers/DNA content. However, an adapted/second filter was required for the detection of certain more distant non-canonic MET exon 14 splice site alterations [16].
TABLE 4 | Summary: comparison with previous results.
[image: Table 4]DISCUSSION
Here, the AMP-based nNGMv2 panel was established and validated in a multicentric approach for potential diagnostic testing of NSCLC patient samples fulfilling the nNGM analysis requirements [7].
The AMP technique applies sample and molecular (unique molecular identifier) barcode adapter ligation to the DNA followed by usually two subsequent semi-nested PCRs each employing a different gene-specific primer (GSP1, GSP2) in combination with universal primers [9]. AMP offers several advantages compared to AMPL and HCP: 1) amplification is highly specific due to a semi-nested approach with two GSPs reducing off-target amplification, 2) easy multiplexing significantly increasing throughput and cost-effectiveness of NGS library preparation. 3) works with reduced input requirements (both amounts and quality) which is particularly beneficial when working with limited FFPE NSCLC biopsies routinely employed for molecular pathology analyses. 4) high flexibility in target selection making it easy to adapt existing panels, 5) high uniformity of libraries, 6) simple hands-on protocol. Therefore, AMP 7) is easily scalable, 8) has a fast turnaround time as summarized by Zheng et al. [9].
Here, we compare results obtained with the AMP approach (nNGMv2 panel) to results from previous analyses performed during routine testing with AMPL techniques. A direct head-to-head comparison of the techniques was not possible due to lack of sufficient DNA amounts. Nevertheless, both the pre and the AMP nNGMv2 panel testing were performed with the same DNA. Initially, 24–30 samples were selected out of more than 200 recently pre-tested (AMPL) DNAs per center. The samples were selected to encompass various different tumor genetic variants, including complex insertions/deletions and splice site variants, as well as a broad range of DNA concentrations/amounts and tumor cell contents. Moreover, sensitivity (DNA input/cell number) and precision (allele frequency) of the panel were determined by library preparation from serial dilutions of DNA from two cases or a Horizon standard, respectively. We confirmed that the AMP-based nNGMv2 panel in combination with the Archer analysis suite provides specific, reliable and robust results at high uniformity of the sequencing results even with small amounts of input material (DNA input as low as 6.25 ng/∼1,000 cells).
Sequencing was successful in 98.9% of the samples (N = 90) even though small biopsies resulting in low DNA concentrations of <5 ng/μL (mean 42.4 ng/μL) in 21% of the samples were included. The sequencing analysis of one sample at a high DNA concentration (102 ng/μL) failed probably due to technical problems. Since all samples were previously tested at least at acceptable quality values and thus preselected, a comparison of both techniques (AMP vs. AMPL) regarding performance cannot be performed. However, after completion of the validation study, Center CC used the AMP-based nNGMv2 panel for routine testing of about 1,000 NSCLC cases until the end of 2022. Initially, extracted DNAs from all FFPE samples were used independent of DNA concentrations for library preparation and subsequent sequencing. Nevertheless, after re-evaluation of the sequencing qualities of the first 100 cases the minimum DNA concentration threshold was set to 2 ng/μL for subsequent cases achieving >96% successful analyses (data not shown). This success rate is high in comparison with the experiences at center CC with various Ion Torrent Oncomine Assays where only 85%–90% of the sequencing analyses were successful at the same DNA concentration cutoff (data not shown). Moreover, it is possible to mix AMP NGS libraries prepared with different techniques, e.g., nNGMv2 or other panels of this type (AMP), Ampliseq for Illumina BRCA- (AMPL) as well as TSO500 HRD-panels (HCP) on a single flow cell in parallel thereby increasing flexibility. Nevertheless, it is recommendable to develop a system specific (Illumina device, flow cell, number of samples) dilution protocol before pooling all libraries as undiluted Archer AMP libraries may lead to irregular clustering depending on the amount of samples.
All but two potential MET exon 14 skipping variants were identified at similar allele frequencies with default filter settings in the Archer analysis suite. Both MET variants were found with an adapted calling filter showing that, as experienced with analysis pipelines from other sequencing systems, adjustment/refinement of the analysis algorithm is also required to obtain correct/complete results. Three additional variants (KEAP1, STK11, TP53) were called with the nNGMv2 panel that were not identified in the pre-testing analyses. For example, the STK11 truncation variant was not called by the Ion Reporter (5.10) although clearly present in IGV (coverage 1,463, AF 18.9%). Although all three variants do not represent direct targets for approved targeted therapies their detection is important because they might influence the efficacy of immune checkpoint inhibitors in the context of other mutations [17–19]. In this context, our results showed a similar if not even slightly better performance of the Archer analysis suite compared with analysis systems utilized in pre-testing.
It is still an often-discussed question if and how to control quality of input material for generation of NGS-libraries. Several different approaches are available including qPCR measurements of various genes, DNA bio-analyzer profile, DNA ladder amplification and/or DNA quantification [20]. In our study, we demonstrated that using total amounts of DNA as quality determining parameter is superior to a real time PCR based approach (here: Archer PreSeq DNA QC KIT). If this situation is different when applying other qPCR kits or approaches has to be tested experimentally.
Our validation study has clear limitations which are majorly due to the lack of tissue and sufficient DNA amounts as well as the high cost of NGS analyses. 1) For these reasons, a direct head-to-head comparison of the techniques (pre and AMP test) was not feasible, an inter-laboratory exchange (ring trial) was not performed and only limited intra or inter reproducibility tests were included [21]. However, the results obtained with our study design clearly showed the excellent performance of the VariantPlex nNGMv2 panel. Moreover, center CC successfully completed various external ring trials hosted by the Quality in Pathology (QuIP, Berlin, Germany) and the required internal nNGM performance and proficiency tests (including the multigene ring trial) applying the VariantPlex nNGMv2 panel. 2) The VariantPlex system does not cover the detection of gene fusions/translocations and thus is insufficient as a stand-alone biomarker test for NSCLC. Therefore, the nNGM algorithm includes parallel analysis systems for gene fusion detection such as ArcherDx FusionPlex NGS tests or FISH. Recently, ArcherDx expanded the FusionPlex system to perform parallel testing for small nucleotide variants and fusions on RNA level [22]. However, in our hands the coverage of key driver mutations is not optimal, and the corresponding allele frequencies differ significantly from those obtained on DNA level (data not shown). Since the FusionPlex Lung v2 panel is performed in parallel to DNA analysis for detection of relevant gene fusions (ALK, MET, NTRK1/2/2, RET, ROS1), it is rather recommendable for confirmation of variants identified with the VariantPlex analysis.
Taken together, we show that the AMP technology is not only versatile and easy to be used in daily routine diagnostics of NGS-panel based detection of actionable variants in lung cancer but is also a robust technique which can handle DNA of different sources and a broad range of qualities. Thus, AMP represents a suitable workhorse in the daily routine care of molecular pathology.
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