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Abstract

:

B-cell neoplasms possess clonal B-cell receptor rearrangements (BCR clonotype lineages) that can be identified by sequencing the B-cell repertoire for use in diagnostics, risk stratification, and high-sensitivity monitoring. BCR somatic hypermutation (SHM) can result in clonality detection failure from point mutations in PCR primer binding regions, often necessitating splitting samples into multiple reactions which increases test costs, turnaround times, and sample requirements. We evaluated the Oncomine BCR Pan-Clonality Assay, a novel single-tube PCR reaction that simultaneously amplifies all BCR loci for next-generation DNA sequencing, using neoplastic B-cell lines and clinical research samples from multiple myeloma (MM) patients, a plasma cell neoplasm associated with high SHM levels. The assay showed a linear detection range down to 1 ng of clonal DNA input, sensitivity to 10−6 in a polyclonal background, and high reproducibility. Clonotype lineages were identified in 42/45 (93%) MM samples. Ion Reporter software packaged with the assay permitted straightforward identification of MM subgroups. As expected, SHM was identified in 94% of MM cases, but several unexpected subgroups were identified including biased IGHV3-11 or IGHV4-34 usage in 20% of MM samples, and two cases with very low levels of SHM. Evidence of intraclonal diversity/ongoing SHM was identified in 18% of samples, suggesting a possible germinal center origin for some MM cases. The single-tube Oncomine BCR Pan-Clonality assay efficiently detects BCR clonotype lineages at rates comparable to existing multiple reaction assays and permits their characterization for cell of origin studies and lymphoma classification.






Keywords:


B-cell neoplasia; multiple myeloma; B-cell receptor rearrangements; clonotypes; next generation sequencing; single-tube assay












1. Introduction


B-cell neoplasms possess clonal B-cell receptor (BCR) rearrangements that can be identified by sequencing the B-cell repertoire [1,2]. B-cell clonality methods target immunoglobulin (IG) heavy and/or light chain rearrangements formed by genomic recombination of variable (V), diversity (D), and joining (J) genes (V and J only for light chains) creating a highly diverse repertoire of V(D)J sequences that define the diversity of antigen-binding regions in BCRs [3,4]. Further diversity is introduced into the rearranged BCR sequence by exonuclease activity and N-additions at the junctions between recombined genes, and somatic hypermutation (SHM) in later stages of B-cell development to produce high-affinity antibodies capable of eliciting a more effective immune response. In general, healthy individuals have a highly diverse B-cell repertoire (“polyclonal” B cells), whereas clonal BCR rearrangements with frequencies above polyclonal backgrounds are observed in B-cell neoplasia [5,6].



Over the last two decades, clonality testing in suspected B-cell neoplasms has grown in overall adoption, initially with the establishment of guidelines for PCR-based analysis of B-cell rearrangements [7]. Commercially available PCR-based clonality assays include multiplexed primer sets for amplification of IG genes, followed by fragment size analysis of the fluorescently labeled products using capillary electrophoresis (CE). Interpretation of the “clonal” readout by this method relies on the demonstration of a dominant amplicon peak of a specific length, rather than a Gaussian distribution of varying amplicon lengths in a polyclonal sample.



Clonality testing using multiplexed PCR followed by fragment analysis is not without drawbacks. Firstly, the sensitivity to detect rearranged BCR sequences is limited because clones of different sequences may have the same size and minor (low frequency) clones of interest can be masked by a noisy background. Secondly, in the absence of sequence information, SHM status cannot be determined. Lastly, without identifying the unique characteristics of rearranged clonal sequences, such approaches are not directly amenable to subsequent tracking of clones of interest.



Recently, with the large-scale adoption and affordability of next-generation sequencing (NGS), the design concepts for multiplex PCR primers were ported to NGS-based clonality testing solutions [8,9,10]. The EuroClonality-NGS working group developed NGS-based protocols for clonality detection that were executed by laboratories in an international multicenter biological validation [11], who reported a very high concordance with conventional clonality analysis (98%). Most samples in this cohort were derived from formalin-fixed, paraffin-embedded (FFPE) tissue and thus comprised lower-quality DNA. Furthermore, guidelines that aim to enable more structured approaches for clonality evaluation using NGS assays have been published in the literature [5,12,13,14]. A few other studies have established the efficacy of NGS assays in detecting clonality in T-cell receptors (TCRs) and BCRs on the Ion Torrent platform and others [9,15,16,17,18].



NGS clonality assays allow for in-depth analysis of BCR rearrangements including nucleotide sequence and a determination of the SHM levels of each clone [19]. SHM measurements are especially key in chronic lymphocytic leukemia prognosis, as increased hypermutation in the immunoglobulin heavy variable (IGHV) gene predicts improved survival [20]. NGS-based clonality testing offers significant advantages over traditional approaches like PCR by providing (i) comprehensive information on the entire repertoire including broad changes to any remaining polyclonal background, (ii) quantification of abundance of different B-cell clones in a sample, (iii) higher sensitivity (or) lower limit of detection, and (iv) the potential to evaluate sub-, intra-, and inter-clonal diversity in mature B cells given precise clone sequence readouts [18]. This makes it possible to track clonotype lineages—sets of B cells sharing antigen specificities that might show sequence differences due to SHM or class switching.



The diversity in BCR rearrangements conferred by SHM may result in a failure to detect clonotype lineages due to inefficient primer binding from point mutations that can occur in the framework (FR) regions of the IGHV gene targeted by most common multiplex primer designs [21]. For this reason, separate assays targeting multiple loci including the leader and/or various framework regions of the IGH chain (FR1, FR2, FR3) and IG light chains can be used to improve clonality testing success. Most NGS testing solutions designed to target individual BCR loci are split into multiple pools to avoid primer–primer interactions or limit primer bias that can be associated with multiplex PCR library preparation [9]. The need for multiple reactions to profile the B-cell repertoire may be prohibitive from a cost and turn-around-time perspective, as well as the requirement for higher sample inputs that may not be available from limited clinical specimens [22].



To determine if acceptable rates of clonal BCR rearrangement detection can be achieved without requiring splitting samples into multiple reactions, we evaluated the performance of the Oncomine BCR Pan-Clonality Assay (hereinafter referred to as the ‘Pan-Clonality Assay’), a novel NGS assay that combines primers targeting the BCR IGH, IG kappa (IGK), and IG lambda (IGL) chains and rearrangements of the kappa deletion element (KDE) and the constant region intron (Cint) in a single-tube reaction. In this first report of the Pan-Clonality Assay, we validated its performance across a range of input DNA amounts and dilutions and assessed its ability to detect clonotype lineages in neoplastic B-cell lines and multiple myeloma (MM) clinical samples, a plasma cell neoplasm associated with high levels of SHM.



Unlike chronic lymphocytic leukemia (CLL), where SHM status functions as both a prognostic and predictive marker, currently, B-cell clonotype sequence information is not used to predict responses to specific therapies in MM. However, clonotyping can help confirm a MM diagnosis in some cases and is assuming an increasingly important role in guiding therapy decisions by providing clonal markers for high sensitivity monitoring. NGS offers additional benefits compared to CE by providing information about the clone that may be relevant to the pathogenesis of lymphoid malignancies, including MM. This includes biased usage of V gene segments, stereotypy, SHM status, and intra-clonal diversity status. As this information can suggest cell of origin and potentially identify subgroups within categories of B-cell lymphoproliferative disorders (B-LPDs) with distinct clinicopathologic features, we also examined the utility of Ion Reporter software packaged with the Pan-Clonality Assay to identify MM subgroups.




2. Materials and Methods


2.1. Neoplastic B-Cell Line Sample Preparation


B-cell leukemia and lymphoma cell lines were procured from the American Type Culture Collection (ATCC) and The Leibniz Institute Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ). Cell line gDNA was extracted using the RecoverAll Total Nucleic Acid Isolation Kit for FFPE (Thermo Fisher Scientific, Waltham, MA, USA) omitting the “Step 1: Prepare the FFPE samples” portion of the protocol and stored at −80 °C. Cell line gDNA samples were evaluated as monoclonal material, using 5 ng input into library preparation, or diluted 1:100 into a background of polyclonal PBL gDNA (BioChain Institute Inc., Newark, CA, USA), where 100 ng total gDNA was used for library preparation.




2.2. Multiple Myeloma Sample Collection and Preparation


The cohort comprised 42 cases of MM, 2 cases of monoclonal gammopathy of undetermined significance (MGUS), and 1 case of smoldering MM. One of the MM cases also had co-existing monoclonal B-cell lymphocytosis (MBL). The study was approved by the University of Saskatchewan Biomedical Research Ethics Board. Written informed consent was obtained from all patients to provide bone marrow aspirate samples collected concurrently with standard-of-care bone marrow analysis, blood testing, and imaging studies performed to confirm the diagnosis of MM and complete staging according to International Myeloma Working Group (IMWG) diagnostic criteria and the Revised International Staging System (R-ISS) [23,24]. All bone marrow specimens were assessed by light microscopy and immunohistochemistry (IHC) to determine overall cellularity; percentages of cellular elements; and morphological and immunophenotypic features of the neoplastic plasma cell population. Cytogenetic abnormalities were assessed by fluorescence in situ hybridization (FISH). The percentage of neoplastic plasma cells in the bone marrow ranged from 10 to 90% with 19 of 45 (42.2%) having >60% clonal plasma cells, a feature diagnostic of MM regardless of other findings. In nearly all cases, the neoplastic plasma cell population present in the bone marrow was confirmed to be clonal by immunoglobulin light chain restriction performed by IHC or in situ hybridization (ISH) analysis of bone marrow biopsies or clot sections, or by flow cytometry analysis of bone marrow aspirates. In two patients (MM43 and MM44) assessment of light chain restriction in the neoplastic plasma cell population was not performed. An aberrant plasma cell immunophenotype was detected in both patients and both had serum monoclonal IgG kappa proteins, 30 g/L in patient MM43 and 42 g/L in patient MM44. In total, based on assessment of light chain restriction in marrow plasma cells and/or the presence of a serum monoclonal paraprotein, 29 of 45 (64%) patients were kappa positive and 16 of 45 (36%) were lambda positive. DNA was extracted from BMA specimens using QIAmp DNA Mini Kit reagents (Qiagen, Tokyo, Japan) according to the manufacturer’s instructions and stored at −80 °C. Library preparation was performed with 100 ng of input DNA.




2.3. Library Preparation and Sequencing


Neoplastic B-cell and MM samples were evaluated for clonality by targeted NGS performed on the Ion GeneStudio S5 platform using the Oncomine BCR Pan-Clonality Assay (IGH, IGK, IGL, IGK-Kde, Cint-KDE) from Thermo Fisher Scientific, in combination with the Ion AmpliSeq Library Kit Plus and the Ion Dual Barcode Kit 1–96. The resulting purified and barcoded libraries were pooled and processed using the Ion Chef automated templating instrument, followed by sequencing using Ion 540 Chips and the Ion GeneStudio S5 sequencing platform and sequenced to a target depth of 2 M reads per sample. BCR rearrangements were considered clonal if present at frequencies greater than 2.5% of total reads and exceeding background frequencies by at least 10-fold.




2.4. Pan-Clonality Assay Immune Repertoire Data Analysis


NGS results were processed using the Ion Reporter software solution from Thermo Fisher Scientific. Data from the GeneStudio S5 sequencer were auto-uploaded to Ion Reporter 5.16 and analyzed using Oncomine BCR IGH-SR DNA and BCR IGKL-SR DNA single sample workflows, for the heavy and light chains, respectively. The two workflows provided end-to-end analysis beginning from sequenced reads generated from the single-tube reaction to output tables and visualizations of primary repertoire features such as detected clones (unique rearrangements in the receptor DNA sequence); frequencies for clonal rearrangement assessment and rare clone detection; V, D, J and third complementarity determining region (CDR3) sequence annotations and productive/unproductive rearrangement annotations as determined by NCBI IgBLAST sequence alignments against the international ImmunoGeneTics (IMGT) database; and SHM levels computed for each rearrangement [25]. The CDR3 sequence of each rearrangement is delimited by (but does not include) the anchor positions 2nd-CYS 104 and J-TRP/J-PHE for the heavy chain and light chain, respectively consistent with IMGT nomenclature.



The software workflow internally implemented an error-correction pipeline to improve the accuracy of the detected clonal population frequencies [26]. Homopolymer errors, manifested as single nucleotide additions or subtractions to a homopolymer stretch, make up the large majority of Ion Torrent platform sequencing errors. These insertion/deletion (indel) errors can lead to frameshift mutations that often cause rearrangements to appear unproductive due to out-of-frame nonsense (i.e., stop) codons. Thus, to identify sequences containing such indel errors, VDJ DNA sequences are translated to the protein space, and the productivity of the rearrangement is evaluated (i.e., whether the V and J genes are in-frame and there are no premature stop codons). In some cases, an indel error occurring within the variable gene portion of the sequence causes the alignment to the variable gene IMGT reference to indicate a gap within the indel containing homopolymer tract, and re-evaluation of the initial base calling at such positions often leads to correction of the error to produce an ostensibly sequencing error-free read representing a productive rearrangement. After indel error correction, PCR-derived errors are eliminated by evaluating edit distances between VDJ rearrangements, taking into consideration the frequency of the rearrangement and whether the rearranged sequence is the same for forward and reverse strand reads. The sequence and frequency of IMGT-annotated VDJ rearrangements detected in the sample are then reported. The somatic hypermutation level is calculated by determining the number of mismatches between a clone variable gene sequence (V-gene) and the best matching IMGT reference variable gene allele.



The software also quantified and reported several secondary and tertiary repertoire features in samples, such as Shannon diversity and evenness of the total population, as well as B-cell lineage groupings useful in identifying related sub-clones or clonotype lineages representing groups of B-cell clones believed to be related by descent (shared V(D)J rearrangement) but with distinct V(D)J sequences due to SHM. Clonotype lineages are identified as sets of IGH and IGK/L rearrangements having the same variable gene identity, the same CDR3 length, and CDR3 nucleotide similarity greater than the user-defined threshold (default: minimum 85% homology). Furthermore, the software includes spectratyping-format plots, wherein spectratyping refers to the clinical gold standard technique used historically for the analysis of immune repertoires. It plots the length distribution of unique CDR3 sequences detected in every V-gene locus across the entire repertoire. Reads for identified clones are arranged along the X-axis according to the variable gene identity and the Y-axis according to the CDR3 nucleotide length. The size of the circles indicates the frequency of a particular variable gene-CDR3 NT length combination within the dataset, while color indicates the frequency of the largest clone having a particular variable gene-CDR3 NT length combination. It enables easy visual identification of highly expanded or mutated clones in the samples.



We would like the user to note that the Oncomine BCR Pan-Clonality assay primes in the Framework 3 region of the V-gene, whereas the two reflex assays, FR3(d) and FR2 prime in the distal Framework 3 and Framework 2 regions of the V-gene, respectively. Depending on the insert sequence of the V-gene captured and amplified (less/more sequence information owing to different regions of priming), mapping to IMGT can sometimes lead to different V-gene identity results for the same clone. In most cases, the V-gene sequences are unique enough to resolve identity with shorter segments, but this is not always the case.





3. Results


3.1. Pan-Clonality Assay BCR Targets


The Pan-Clonality Assay was used to sequence multiple BCR targets in a single reaction, using amplicons priming in the FR3 and J genes of (i) IGH rearrangements (amplifying an ~100 bp region) involving IGHV genes, (ii) IGK, IGL rearrangements (amplifying an ~50–60 bp region) involving IGKV and IGLV genes, respectively, as well as rearrangements containing (iii) Cint (C-intron; amplifying an ~60 bp region) and (iv) kappa-deletion element, or KDE (amplifying an ~70 bp region) (Figure 1). Each targeting primer set consists of multiple primers per V and J gene family that allows for degeneracy within each family to optimize clonotype detection in the presence of SHM at primer binding sites. Please note that IGKV-Kdel and IGK-KDE refer to the same type of rearrangement and are used interchangeably throughout the manuscript.




3.2. Clonotype Lineage Detection in Neoplastic B-Cell Lines


In the preliminary round of testing, a total of 27 neoplastic B-cell lines were profiled. Ion Reporter workflows that accompany the assay reported all identified clonal rearrangements and frequencies, CDR3 sequence readouts, and levels of SHM. Although various definitions exist for assigning B-cell clonality by NGS, the detection of BCR rearrangements with frequencies greater than 2.5% that exceed background rearrangement frequencies by at least 10-fold is well-established [5,12,13]. Table 1 presents the results of the cell line clonality assessment, reporting clonal rearrangement lineages and the number of rearrangements detected. The Pan-Clonality Assay detected at least one rearrangement (IGH, IGK, IGL, IGK-KDE/Cint-KDE) in 25/26 cell lines tested indicating a sensitivity of approximately 96%. Heavy chain rearrangements were detected in 13/26 (50%) cases, and light chain rearrangements were detected in 23/26 (88%) cases. The clonal rearrangement profile of the BDCM cell line is particularly significant, as it shows that all four known clonal rearrangements involving heavy and light chains (IGHV3-23, IGLV4-60) and the Cint and KDE (IGKV2-28-IGKdel, Cint-IGKdel) were successfully identified using the single reaction Pan-Clonality Assay [27,28]. Figure 2 shows the detected clonal rearrangements and their frequency distributions as generated by the IGH and IGK/L repertoire analysis workflows on Ion Reporter software. The software outputs both the tabular format (Figure 2B,E) and the spectratyping plot format (Figure 2A,C,D) of clone frequencies across the repertoire (refer to Methods for a description of spectratyping).



A few clonal rearrangements were detected at lower-than-expected frequencies (indicated with a single asterisk in Table 1) or comprised a single clone with multiple entries (indicated with a double asterisk in Table 1), raising the possibility that SHM inhibited efficient priming during amplification [6,10]. The extensive V-gene diversity along with potential SHM and other mutations suggests that targeting additional loci may increase the success of detecting clonotypes in some cases. For this reason, we used two supplemental reflex assays, the Oncomine IGH FR2-J Assay and the Oncomine IGH FR3(d)-J Assay, designed to target different segments of the V(D)J region (V gene framework 2 and framework 3 distal to CDR3, respectively) for use as secondary or follow-up tests to improve detection. As expected, these assays identified IGH clonotypes in six additional cell line samples with five of these identified by the FR3(d)-J assay (Table 1). Of note, the SU-DHL-6 cell line has a translocation that juxtaposes a truncated bcl-2 gene with J6 in a tail-to-head configuration, so detection is not expected given the assay design and was used as a negative control cell line.




3.3. Range of DNA Input Concentrations and Limits of Detection


Clonotype detection across a range of DNA inputs was assessed. Cell line DNA ranging from 50 ng to 1 ng was spiked into peripheral blood lymphocyte (PBL) DNA at a ratio of 1:10 and total DNA input amounts ranging from 500 ng to 10 ng were sequenced. Assay performance was measured by tracking the detected frequency of a given clone across the range of inputs. The frequencies of IGH, IGK and IGL clonal rearrangements were highly similar across the different DNA inputs, suggesting that the Pan-Clonality Assay is robust to varying input concentrations (Figure 3A).



Next, the lower limit of clonal rearrangement detection was evaluated. BDCM cell line DNA input was serially diluted down from 10−1 to 10−6 (1:10 to 1:1,000,000) in a background of 2 μg of PBL DNA, and the frequencies of the four known clonal rearrangements were tracked across these dilutions. The Oncomine BCR Pan-Clonality Assay User Guide MAN0019231 Revision B.0. that accompanies this assay outlines the recommended protocol for sequencing cell line dilutions for rare clone detection [29] (Page 149; Table 11 of User Guide), and we noted that the recommended amount of input DNA required for the lowest LOD tested at 10−6 is higher than the other LOD ranges tested in this study. Accordingly, two gDNA libraries were prepared and sequenced to a depth of 2 M reads each, for all the cell line dilution experiments at 1:10 up to 1:100,000, and twelve gDNA libraries sequenced to a depth of 4 M reads each for that at 1:1,000,000. The assay showed a linear response among all four identified rearrangements (IGHV3-23-IGHJ4, IGKV2-28-IGKdel, IGLV4-60-IGLJ2, IGKCint-IGKdel) in the BDCM cell line (Figure 3B). The standard-error bars around the mean of receptor detection frequencies across the different gDNA libraries sequenced in each dilution experiment indicate robust detection. Furthermore, two of the four rearrangements (IGHV3-23-IGHJ4 and IGKV2-28-IGKdel) were detected at the lowest 1:10−6 dilution point, suggesting an overall lower limit of detection of approximately 10−6 for the assay.




3.4. Reproducibility


To assess the degree of reproducibility of the Pan-Clonality Assay, nine replicate libraries were generated from the same sample of PBL gDNA (BioChain Institute) by two different operators and sequenced on different chips using the Ion GeneStudio. The Ion Reporter multi-sample analysis option was used to compare clonal rearrangement frequencies between the replicates. The very high correlation of the top 50 detected clone frequencies between library replicates (Mean Pearson’s rho > 0.95) suggested that the assay was highly reproducible across experiments (Figure 4).




3.5. Clonotype Lineage Detection in Multiple Myeloma Samples


BCR SHM can result in clonality detection failure from point mutations targeted by most common multiplex primer designs, necessitating splitting samples into multiple reactions and requiring higher sample inputs. We tested the ability of the single-tube Pan-Clonality Assay to detect clonotype lineages in clinically relevant samples associated with SHM by analyzing BMA samples from 45 patients with MM and related plasma cell neoplasms. The number of reads required increases proportionally with the DNA input when sequencing to saturation for capturing the entire library complexity of a sample. In our experiment, we have established a standardized sequencing protocol that involves using a consistent 100 ng of DNA input per sample for library preparation across all the multiple myeloma samples. Based on this DNA input, >20,000 reads per sample were required to reach saturation, and only four samples had less than 50,000 reads. The Ion Reporter Clone Summary Table lists all unique sequence rearrangements in a sample. However, in order to merge highly similar sequences that may represent intraclonal diversity, the Ion Reporter Lineage Summary Table output was used to identify clonotype lineages. Examples of the Clone Summary Table and corresponding Lineage Summary Table from sample MM17 are shown in Figure 5.



The Pan-Clonality Assay results for the MM sample cohort are summarized in Table 2, and additional detailed sequencing data including chain usage, SHM and intraclonal diversity is provided in Supplementary Table S1. Table 2 shows the number of clonotype lineages detected in each sample. IGH and IGK clonotype lineages were detected in 33/45 (73%) and 30/45 (67%) samples, respectively. Clonotype lineages involving the KDE were observed in 11/45 (24%) samples for IGK-KDE and 9/45 (20%) for Cint-KDE. Clonal rearrangements of IGL were limited to lambda light chain restricted samples and occurred in 9/45 (20%) of patient samples overall and 9/16 (56%) lambda-restricted samples, including two samples (MM8 and MM16) that did not have detectable IGK or KDE clonal rearrangements. MM8 harbored a clonal IGH rearrangement in addition to the clonal IGL rearrangement, but IGL was the only clonal BCR marker in MM16. Altogether, at least one clonotype lineage was identified in 42/45 (93%) samples from patients with MM and related plasma cell neoplasms. All MM cases with detectable clonal IGH rearrangements contained one or two IGH clonotype lineages with the exception of MM35 which contained three. This sample had two separate monoclonal B-cell processes: MM and monoclonal B-cell lymphocytosis (MBL). In addition to the MM study, the Pan-Clonality Assay was tested using 10 BMA and 35 FFPE polyclonal specimens without clinically identifiable B cell neoplasms and confirmed no clonal rearrangements were detected (Supplementary Table S2). Supplementary Table S3 contains additional assay results from the analysis of 20 clonal B cell lymphoproliferative samples in a variety of FFPE tissues spanning a large range of tumor load and clonal frequency.




3.6. Identification of Subgroups in Multiple Myeloma Samples


Ion Reporter analysis of the MM sample cohort identified a few unexpected subgroups. Lineage analysis revealed several with multiple clonal rearrangements belonging to the same lineage (Supplementary Table S1). Some of these lineages may consist of multiple unique clonotype sequences with minor differences for technical reasons, resulting from the large sequencing depth (in some cases >1 million reads per sample) and inherent substitution rates [30]. However, other instances suggest bona fide intraclonal diversity. One example is illustrated using the Ion Reporter spectratyping plot (refer to Methods for a description of spectratyping) to highlight the number of identified clones. As seen in Figure 5C, the IGH spectratyping plot for sample MM17 revealed a dominant clonal lineage in the population, as indicated by the size of the circle, with green shading to indicate that multiple rearrangements share the same IGHV chain and CDR3 nucleotide length. The lineage summary table shows that this dominant member comprises 12 unique clones (Figure 5B) and the corresponding clone summary table snapshot (Figure 5A) shows that four of these rearrangements (indicated by Lineage ID 1) have a relative abundance (counts ranging from 305 to 3290 reads) much higher than can be explained by base substitution sequencing errors, particularly given the exceptionally low substitution sequencing error rate of the Ion Torrent Platform [30,31]. Within the MM sample cohort having clonal IGH rearrangements, we identified 8/33 (24%) with five or more clones, including one case (MM30) with 23 clones. These findings suggest intraclonal diversity/ongoing SHM occurring in 8/45 (18%) patients in the MM sample cohort overall.



The analysis also revealed that two heavy chains, IGHV3-11 and IGHV4-34, were disproportionately represented among the clonal rearrangements identified. Within patient samples having detectable IgH clonotype lineages, IGHV3-11 was the highest frequency clonotype in 5/33 (15%) samples, while IGHV4-34 was the highest frequency clonotype in 4/33 (12%) samples. Taken together, IGHV3-11 or IGHV4-34 clonotype lineages accounted for the dominant clonotype in 9/33 (27%) patient samples with clonal IgH rearrangements representing 9/45 (20%) of the overall MM sample cohort.



Over the applicable V-gene read length, Ion Reporter also reports % SHM. Within the MM sample cohort, 31/33 (94%) with clonal IGH rearrangements showed evidence of SHM including 13/33 (39%) with SHM levels > 7% and 6/33 (18%) with SHM levels >10%. However, two samples (MM7 and MM23) contained dominant IGH clonotypes with 0% SHM over the FR3-J read length. Follow-up FR1-J sequencing (near full-length V-gene) confirmed SHM rates lower than expected for plasma cells, at 0.44% and 1.33% SHM for MM7 and MM23, respectively (data not shown).





4. Discussion


BCR clonality testing by NGS offers advantages over PCR-based methods such as CE and next-generation flow cytometry (NFC) in the clinical diagnosis and follow-up of patients with B-cell neoplasms, including MM. CE clonality assessment is based on sizing PCR fragments (not sequence identity), and it is well recognized that clonal CE peaks may contain more than one distinct clonotype lineage having the same PCR product size. This limits the sensitivity of CE to about 5% making it unsuitable for the clinical diagnosis and follow-up of minor clonal B-cell populations. NGS clonality assessment offers advantages over NFC including requiring fewer cells to achieve 10−5 sensitivity and being applicable to frozen and formalin-fixed paraffin-embedded samples. Standard NGS clonotyping can identify clonal BCR rearrangements in up to 95% of B-cell neoplasms but frequently requires sequential testing with multiple IGH primer sets targeting IGH (FR1, FR2, FR3, leader sequence upstream of FR1) and IGK, especially in cases associated with high levels of SHM due to inefficient primer binding from point mutations in FR regions. The need for multiple reactions to profile the B-cell repertoire increases assay cost and turn-around time and may not be suitable for limited samples.



A single-tube reaction that enables the sequencing of all the B-cell receptor loci presents a significant advantage over multi-tube assays for highly efficient, low input clonality assessment. Here, we validate the performance of the Pan-Clonality Assay for deep sequencing and clonotype detection in B-cell neoplasms. In a single reaction, one or more clonal rearrangements involving IGH, IGK, IGL, and Cint-KDE loci were detected in 25/26 (96%) B-cell lines and 42/45 (93%) BMA samples from patients with MM and related plasma cell neoplasms. Within the lambda-restricted light chain group, IGL clonotype lineages were identified in 9/16 (56%) samples, including one sample (MM8) that had no IGK or KDE clonal rearrangements, and another (MM16) for which IGL was the only clonal BCR marker identified. The detection of a lambda rearrangement without a corresponding Cint-KDE or IGK-KDE rearrangement was also observed in the cell line samples (Table 1). This may result from inefficient priming due to SNPs in the non-hypermutated rearrangements, or from an unamplified IGK rearrangement in cells that may co-express kappa and lambda chain RNA [32]. Taken together, the overall frequency of clonal rearrangement detection using the Pan-Clonality Assay is comparable to clonotype detection rates reported in MM performed using other NGS assays that require multiple tubes targeting individual BCR loci [33,34,35]. Furthermore, the identification of clonal IGL rearrangements afforded by the Pan-Clonality Assay is a significant benefit for clonotype detection.



NGS offers additional benefits compared to CE and NFC-based analysis because it allows investigators to assess potentially valuable information about the clone that may be relevant to the pathogenesis of lymphoid malignancies, including MM. This includes biased usage of V gene segments, stereotypy, SHM status, and intra-clonal diversity status that can provide clues to the cell of origin, and potentially identify subgroups within categories of lymphoid neoplasms with distinct clinicopathologic features.



Analysis of our MM cohort with the Pan-Clonality Assay identified biased IGHV usage with V3-11 and V4-34 overrepresented compared to normal B-cell repertoires. IGHV4-34 usage is linked to autoreactive antibodies and is underrepresented in germinal center (GC) and memory B cells from healthy individuals, possibly as a mechanism to prevent plasma cells from producing autoantibodies [36,37,38,39]. The high prevalence of IGHV4-34 usage in Burkitt lymphoma, CLL, and marginal zone lymphoma has led to a suggestion that autoreactive antigens may drive the expansion of some B-cell neoplasms with our findings suggesting that some cases of MM can be added to this list [38,39]. In contrast to CLL, mantle cell lymphoma, and marginal zone lymphoma, and in agreement with other MM studies, our cohort of MM samples showed no evidence of stereotypy [40,41].



Within the MM sample cohort with clonal IGH rearrangements, 31/33 (94%) showed SHM, defined as less than 98% homology with germline genes [40,42]. This finding is in agreement with studies of reactive and neoplastic plasma cells and consistent with a postulated post-GC B-cell as the cell of origin in MM [40,43]. Of note, Medina et al. reported high levels of SHM (>7%) in 26% of transplant-ineligible MM samples with IGH clonal rearrangements, which was associated with improved survival [40]. Consistent with this report, 13/33 (39%) of the MM patients with clonal IGH rearrangements in our study fulfilled the criterion for high levels of SHM, with 6/33 (18%) showing mutational loads of >10%.



Although most MM cases showed high rates of SHM, 2/33 (6%) cases with clonal IGH rearrangements were found to be 0% mutated using the Pan-Clonality Assay that assesses FR3. Medina et al., also identified unmutated SHM status in 5/349 (1.4%) of MM cases with clonal IGH rearrangements but attributed this to not being able to sequence FR1 and part of FR2, stating that “the mutational load was most likely underestimated, rather than being truly mutated cases” [40]. However, we sequenced both unmutated cases in our cohort with FR1-J primers and found the mutation rate was truly low in both (0.44% and 1.3%). Although not 0%, this level of SHM is well below the 2% threshold used to assign SHM status in CLL and suggests some MM cases may originate from a pre-GC B-cell.



The Ion Reporter software also permits assessment of intraclonal diversity as a marker of ongoing SHM that is characteristic of B-cell neoplasms of germinal center origin including follicular lymphoma, Burkitt lymphoma, and the germinal center B-cell subtype of Diffuse Large B Cell Lymphoma [44]. Within the MM sample cohort overall, we identified 8/45 (18%) cases with five or more clones, including one case (MM30) with 23 clones. This high level of intraclonal diversity indicates a possible germinal center origin for some MM cases and is consistent with IGHV NGS analysis of RNA samples from MM that suggested neoplastic transformation can be initiated in a germinal center B-cell with ongoing SHM that has committed to terminal differentiation [45]. It will be of interest to determine the effect, if any, that ongoing SHM has on clinical outcomes in MM in future studies.



The Pan-Clonality Assay uses the AmpliSeq primer design strategy to enable a single-tube reaction. This strategy reduces the level of mis-priming or primer-dimer formation, while the primers themselves are chemically modified so they can be digested away after the targeting PCR reaction, removing most wasteful primer-related byproducts [30]. The ability to eliminate off-target products allows for primer concentrations to be saturating, leading to library workflows with flexibility in sample input amounts from 1 ng to 2 µg of gDNA. Robust performance across a large input range is particularly significant for immune repertoire sequencing where peripheral blood or BMA samples may have drastically different input requirements compared to tissue biopsies with limited immune cell infiltration. We also determined that the assay is suitable for formalin fixed tissue biopsies from 100 ng inputs indicating its broad applicability for lymphoma diagnostics, including low-input degraded DNA samples (Supplementary Table S3).



NGS clonality determination can be integrated into routine B-LPD diagnostic algorithms as an adjunct to IHC and/or FCM (flow cytometry) studies in cases where IHC is equivocal or fresh tissue is not available for FCM. However, even in cases where clonality has been established by IHC and/or FCM, NGS clonotyping can still play a significant role in disease classification and treatment selection which is best illustrated by IGHV SHM status functioning as both a prognostic and predictive marker in CLL [20]. Finally, NGS clonotyping is key to identifying trackable markers for monitoring B-LPD treatment response with high sensitivity. Although clonotype detection by NGS is superior to CE analysis, one limitation is that a clonotype cannot be detected in all B-LPDs, even using multiple tube approaches. In these cases, NGS analysis of genes implicated in the pathogenesis of B-LPD can potentially function as clonal markers. However, for the vast majority of B-LPD patients, NGS clonotyping would suffice for these purposes. Thus, the single-tube assay Pan-Clonality Assay is expected to be widely adopted in B-LPD diagnostic algorithms, as it will obviate the need for multiple tube reflex testing associated with existing NGS approaches to achieve extremely high levels of clonotype detection even in challenging cases associated with high levels of SHM, such as MM.




5. Conclusions


The highly efficient, low input BCR Pan-Clonality Assay, that sequences all B-cell receptor loci in a single reaction tube and detects BCR clonotype lineages at rates comparable to existing multiple reaction assays, offers key advantages of relevance to B-cell neoplasia diagnosis and monitoring with respect to cost savings, improved turnaround time, and clinical sample preservation. The Ion Reporter analysis software packaged with the assay also provides exciting opportunities to conduct cell-of-origin studies in B-cell neoplasia and uncover subgroups within categories of lymphoid neoplasms having distinct clinicopathologic features.
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Figure 1. Targeted amplicons in the Pan-Clonality Assay. B cell Pan-Clonality Assay (IGH/K/L) contains FR3-J primers for (A) IGH, (B) IGK, IGL, as well as (C) Kde/Cint primers in a single library preparation reaction. 
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Figure 2. Clonal rearrangement profile of the BDCM cell line. All four known heavy and light chain clonotypes (IGHV3-23, IGLV4-60, IGKV2-28-IGKdel, Cint-IGKdel) are detected using the single reaction Pan-Clonality Assay. (A) Spectratyping plot of heavy chain clonotypes highlights the largest clone frequencies in the sample as a function of V-gene usage and CDR3 length combinations. (B) Clone Summary Table first screen snapshot illustrating output from the heavy chain (IGH) workflow that lists every detected heavy chain clonotype in the sample, along with their VDJ annotation, CDR3 sequence and V-gene SHM levels. (C) Spectratyping plot for IGK clonotypes. (D) Spectratyping plot for IGL clonotypes. (E) Clone Summary Table first screen snapshot illustrating output from the light chain (IGKL) workflow. 






Figure 2. Clonal rearrangement profile of the BDCM cell line. All four known heavy and light chain clonotypes (IGHV3-23, IGLV4-60, IGKV2-28-IGKdel, Cint-IGKdel) are detected using the single reaction Pan-Clonality Assay. (A) Spectratyping plot of heavy chain clonotypes highlights the largest clone frequencies in the sample as a function of V-gene usage and CDR3 length combinations. (B) Clone Summary Table first screen snapshot illustrating output from the heavy chain (IGH) workflow that lists every detected heavy chain clonotype in the sample, along with their VDJ annotation, CDR3 sequence and V-gene SHM levels. (C) Spectratyping plot for IGK clonotypes. (D) Spectratyping plot for IGL clonotypes. (E) Clone Summary Table first screen snapshot illustrating output from the light chain (IGKL) workflow.



[image: Jmp 05 00004 g002a][image: Jmp 05 00004 g002b][image: Jmp 05 00004 g002c]







[image: Jmp 05 00004 g003] 





Figure 3. Pan-Clonality Assay clonotype detection across a range of low DNA inputs and limits of dilution. Stable detection of IGH, IGK and IGL clonal rearrangements is evident from the dot plots of clonal frequencies detected (y-axis) across a range of (A) cell line DNA inputs from 50 ng down to 1 ng (x-axis), and (B) serial cell line dilutions from 10−1 down to 10−6 (x-axis). 
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Figure 4. Ion Reporter multi-sample analysis of library replicates from a single PBL gDNA sample. Pearson’s correlation value of the top 50 clone frequencies across pairwise comparisons of 9 library replicates using, (A) the IGH workflow (Mean Pearson’s rho = 0.95) and (B) the IGKL workflow (Mean Pearson’s rho = 0.98) of the Pan-Clonality Assay. 
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Figure 5. Ion Reporter visualization of BCR rearrangements in a multiple myeloma sample. First-screen snapshots from Ion Reporter showing the first ten listings in the (A) Clone Summary Table and (B) Lineage Summary Table outputs for sample MM17. (C) The corresponding spectratyping plot shows the number of clonal rearrangements (green shaded circles) of a given CDR3nt length (y-axis) and IGH V-gene (x-axis). 
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Table 1. Clonal rearrangement lineages (clonotype lineages) detected by the Pan-Clonality Assay in B-cell malignancy cell lines.
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	Cell Line
	IGH
	IGK
	IGL
	IGK-KDE
	Cint-KDE
	IGH FR3(d)-J
	IGH FR2-J





	WSU-NHL
	-
	IGKV1-16 IGKV1-17
	IGLV3-25
	-
	Cint-IGKdel
	-
	-



	CA46
	IGHV5-10-1 **
	IGKV2-28
	-
	-
	-
	IGHV5-51
	IGHV5-51



	Toledo
	-
	IGKV1-33
	IGLV3-21 IGLV2-14
	-
	Cint-IGKdel
	-
	-



	GA-10
	IGHV4-34 **
	IGKV2-28
	-
	-
	-
	IGHV4-34
	IGHV4-34



	Daudi
	-
	-
	-
	-
	Cint-IGKdel
	IGHV3-74
	IGHV3-74



	U266B1
	-
	-
	IGLV2-8
	-
	Cint-IGKdel
	-
	-



	GM14952
	IGHV3-48 IGHV1-46
	-
	IGLV2-14 IGLV2-23
	-
	Cint-IGKdel
	IGHV4-39 IGHV1-46
	IGHV4-39 IGHV3-74



	Ramos
	IGHV3-33 IGHV4-28 *
	-
	IGLV2-23 IGLV2-18
	-
	-
	IGHV4-34
	IGHV4-34



	RL
	-
	-
	-
	-
	Cint-IGKdel
	IGHV3-23
	IGHV3-23



	HS611.T
	IGHV4-39
	IGKV3-20 IGKV1-39
	-
	-
	Cint-IGKdel
	IGHV4-4
	-



	SU-DHL-6
	-
	-
	-
	-
	-
	-
	-



	BDCM
	IGHV3-23
	-
	IGLV4-60
	IGKV2-28-IGKdel
	Cint-IGKdel
	IGHV3-23
	-



	SU-DHL-8
	-
	-
	IGLV1-36
	-
	-
	-
	IGHV3-23



	GM04154
	IGHV3-23
	-
	IGLVI-70
	-
	-
	IGHV3-23
	IGHV3-23



	IM9
	-
	-
	IGKV1-16
	-
	-
	IGHV3-9
	-



	MM.1R
	IGHV3-30
	-
	IGLV2-18
	-
	Cint-IGKdel
	IGHV3-30
	-



	NALM-1
	IGHV3-9
	IGKV2D-29
	-
	-
	-
	IGHV3-9
	IGHV3-9



	DS-1B
	-
	-
	-
	-
	-
	-
	-



	HT
	-
	IGKV3-11
	-
	-
	-
	IGHV3-53 *
	-



	JVM-2
	IGHV3-9
	-
	IGLV2-14
	-
	-
	IGHV3-9
	IGHV3-9



	LP1
	-
	-
	IGLV3-21
	IGKV2-30-IGKdel
	-
	IGHV3-30
	IGHV3-30



	JM1
	-
	-
	IGLV3-10 IGLV3-1
	-
	Cint-IGKdel
	-
	-



	Pfeiffer
	IGHV3-66
	-
	-
	-
	-
	IGHV3-11
	IGHV3-7



	MC116
	-
	-
	IGLV2-14
	-
	Cint-IGKdel
	-
	-



	TMM
	IGHV1-24
	-
	-
	IGKV2-30-IGKdel
	-
	IGHV1-24
	-



	NU-DUL-1
	-
	IGKV1-17 IGKV1-39
	IGLVI-70 IGLV4-60
	-
	-
	-
	-



	BCP-1
	IGHV3-23 **
	-
	-
	-
	-
	IGHV3-23
	IGHV3-23







* Detection of rearrangement at low frequency indicating potential of SHM prohibiting efficient priming, ** analysis reports single clone with multiple entries due to possible SHM.













 





Table 2. Clonal rearrangement lineages (clonotype lineages) detected by the Pan-Clonality Assay in a multiple myeloma sample cohort.






Table 2. Clonal rearrangement lineages (clonotype lineages) detected by the Pan-Clonality Assay in a multiple myeloma sample cohort.





	
Sample #

	
Diagnosis

	
Plasma Cells (%)

	
Light Chain Restriction

	
Clonotype Lineages Detected




	
IGH

	
IGK

	
IGL

	
IGK-KDE

	
Cint-KDE






	
MM1

	
MM

	
60

	
lambda

	
1

	
1

	
1

	
1

	
1




	
MM2

	
MM

	
30

	
lambda

	
1

	
-

	
-

	
2

	
-




	
MM3

	
SMM

	
18

	
lambda

	
1

	
-

	
1

	
1

	
-




	
MM4

	
MM

	
18

	
lambda

	
-

	
-

	
-

	
-

	
-




	
MM5

	
MM

	
80

	
lambda

	
1

	
-

	
1

	
2

	
-




	
MM6

	
MM

	
33

	
lambda

	
-

	
1

	
-

	
1

	
1




	
MM7

	
MM

	
20

	
lambda

	
2

	
1

	
1

	
-

	
-




	
MM8

	
MM

	
20

	
lambda

	
1

	
-

	
1

	
-

	
-




	
MM9

	
MM

	
40

	
lambda

	
-

	
-

	
-

	
-

	
-




	
MM10

	
MM

	
60

	
lambda

	
2

	
2

	
-

	
-

	
-




	
MM11

	
MM

	
80

	
lambda

	
1

	
2

	
1

	
1

	
-




	
MM12

	
MM

	
70

	
lambda

	
-

	
-

	
-

	
1

	
-




	
MM13

	
MM

	
30

	
lambda

	
1

	
-

	
1

	
1

	
1




	
MM14

	
MM

	
40

	
lambda

	
-

	
1

	
1

	
-

	
1




	
MM15

	
MM

	
10

	
lambda

	
1

	
1

	
-

	
-

	
-




	
MM16

	
MM

	
90

	
lambda

	
-

	
-

	
2

	
-

	
-




	
MM17

	
MM

	
26

	
kappa

	
1

	
1

	
-

	
-

	
-




	
MM18

	
MM

	
90

	
kappa

	
1

	
1

	
-

	
-

	
-




	
MM19

	
MM

	
60

	
kappa

	
2

	
2

	
-

	
-

	
-




	
MM20

	
MM

	
12

	
kappa

	
1

	
-

	
-

	
-

	
-




	
MM21

	
MM

	
15

	
kappa

	
-

	
2

	
-

	
-

	
-




	
MM22

	
MM

	
30

	
kappa

	
1

	
1

	
-

	
-

	
-




	
MM23

	
MM

	
25

	
kappa

	
1

	
1

	
-

	
-

	
-




	
MM24

	
MM

	
80

	
kappa

	
1

	
1

	
-

	
-

	
-




	
MM25

	
MM

	
60

	
kappa

	
-

	
-

	
-

	
1

	
-




	
MM26

	
MM

	
40

	
kappa

	
2

	
1

	
-

	
-

	
1




	
MM27

	
MM

	
70

	
kappa

	
1

	
1

	
-

	
-

	
-




	
MM28

	
MM

	
65

	
kappa

	
-

	
-

	
-

	
-

	
-




	
MM29

	
MM

	
65

	
kappa

	
-

	
2

	
-

	
-

	
-




	
MM30

	
MM

	
50

	
kappa

	
2

	
1

	
-

	
-

	
-




	
MM31

	
MM

	
60

	
kappa

	
1

	
1

	
-

	
-

	
-




	
MM32

	
MM

	
15

	
kappa

	
1

	
1

	
-

	
-

	
-




	
MM33

	
MM

	
85

	
kappa

	
1

	
1

	
-

	
1

	
-




	
MM34

	
MM

	
20

	
kappa

	
1

	
2

	
-

	
-

	
-




	
MM35

	
MM + MBL

	
10

	
kappa

	
3

	
3

	
-

	
-

	
1




	
MM36

	
MM

	
30

	
kappa

	
1

	
1

	
-

	
-

	
1




	
MM37

	
MM

	
20

	
kappa

	
-

	
-

	
-

	
-

	
1




	
MM38

	
MM

	
70

	
kappa

	
1

	
-

	
-

	
1

	
-




	
MM39

	
MM

	
90

	
kappa

	
-

	
2

	
-

	
-

	
-




	
MM40

	
MM

	
90

	
kappa

	
1

	
1

	
-

	
-

	
-




	
MM41

	
MGUS

	
8

	
kappa

	
1

	
2

	
-

	
-

	
-




	
MM42

	
MM

	
50

	
kappa

	
1

	
-

	
-

	
-

	
-




	
MM43

	
MGUS

	
8

	
kappa *

	
1

	
1

	
-

	
-

	
-




	
MM44

	
MM

	
30

	
kappa *

	
2

	
1

	
-

	
-

	
1




	
MM45

	
MM

	
80

	
kappa

	
1

	
2

	
-

	
-

	
-




	
Clonal rearrangement detection rate at each BCR locus #:

	
33/45 (73%)

	
30/45 (67%)

	
9/45 (20%)

	
11/45 (24%)

	
9/45 (20%)




	
Samples with at least one clonotype lineage marker:

	
42/45 = 93%








# Reflects the number of samples with at least one clonal rearrangement at each BCR locus. * In these cases, light chain restriction was determined by serum protein electrophoresis. In all other cases, light chain restriction was determined by one or more of the following methods: immunohistochemistry or in situ hybridization on bone marrow biopsies or clot sections, or by flow cytometry analysis of bone marrow aspirates. MM = multiple myeloma; SMM = smoldering MM; MBL = monoclonal B-cell lymphocytosis; MGUS = monoclonal gammopathy of undetermined significance.
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