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Next-generation sequencing (NGS) has been applied to monitor minimal residual disease (MRD) in multiple myeloma (MM). Standardized DNA input and sequencing depth is essential for achieving a uniform sensitivity in NGS-based MRD study. Herein, the sensitivity of 10−5 was verified by a standardized experimental design based on triplicate measurements of 1 μg DNA input and 1 million sequencing reads using the LymphoTrack-MiSeq platform. MRD level was defined as the mean MRD burden of the triplicates. Two spike-in controls at concentrations of 0.001% tumor plasma cells (PC) for verifying the sensitivity of 10−5 and 0.01% (or 0.005%) for MRD normalization were systematically analyzed. The spike-in control of 0.001% MRD was consistently detected in all samples, confirming a sensitivity of 10−5. Moreover, this standardized NGS approach yielded MRD measurements concordant with serological response and comparable to allele-specific oligonucleotide (ASO) real-time quantitative (RQ)-PCR. Moreover, NGS showed an improved sensitivity and provided quantification of MRD for cases assigned “positive but not quantifiable” (PNQ) by ASO RQ-PCR, even without the use of patient-specific probes/primers. Issues regarding the specificity of myeloma-specific sequences as MRD target, optimal input for spike-in normalization, and interpretation of MRD from triplicates are discussed. Herein, the standardized LymphoTrack-MiSeq-based method is verified to carry a sensitivity of 10−5, hence an effective tool for MRD monitoring in MM. As only a small number of samples are tested here, further study with a larger number of patients is warranted.
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INTRODUCTION

Correlation between depth of response and survival has long been established in multiple myeloma (MM) (1). Novel agent combinations have resulted in high rates of complete response (CR) (2). Despite this, a major portion of CR patients early or later on will eventually relapse, suggesting that low but clinically relevant levels of minimal residual disease (MRD) remain in the majority of patients attaining CR (3). Therefore, highly sensitive techniques are required to detect deeper response than clinical CR, as recently highlighted by the International Myeloma Working Group (IMWG) (4).

Next-generation sequencing (NGS) of immunoglobulin (Ig) gene rearrangements has been applied to assess MRD and shown to be able to detect MRD at a level as low as 10−6 (5, 6). Moreover, MRD negativity using the 10−5 threshold predicted for a superior progression-free survival (PFS) and overall survival (OS) of MM patients achieving at least very good partial response (VGPR), and improved PFS when CR patients are separately considered (7). Recently, the IMWG introduced the definition of MRD-negativity as the absence of clonal PC by either sequencing- or flow cytometry-based techniques with a minimum sensitivity of <10−5 (4) using the LymphoSIGHT (Sequenta/Adaptative) (7) and next-generation flow (NGF) EuroFlow approaches (8) as the reference methods, respectively. This is due to the fact that the majority of studies on the prognostic value of NGS-based MRD in MM were derived from a commercial service by LymphoSIGHT platform (Sequenta/Adaptive Inc.) (7, 9, 10). More recently, MRD studies using this platform to evaluate the efficacy of daratumumab, a human IgGκ anti-CD38 monoclonal antibody, have been reported (11, 12). Notably, the sensitivity was claimed to be of at least 10−5 (7, 12), 10−6 (9, 11), or 10−7 (10), depending on the different studies. In parallel, the LymphoTrack assay has become available as a commercial kit adapted to the detection of MRD by NGS and has been evaluated in MM (8, 13). However, these studies failed in providing an experimental validation of the sensitivity of <10−5 for the LymphoTrack assay with variable (non-standardized) DNA inputs and depth of sequencing, which are essential for reproducible sensitivity among within and among distinct samples.

In this study we aimed to validate the sensitivity of 10−5 of a standardized workflow of LymphoTrack-MiSeq platform through detection of spike-in controls in follow-up MM samples and compare the NGS MRD results with those obtained by allele-specific oligonucleotide (ASO) real-time quantitative (RQ)-PCR.

MATERIALS AND METHODS

Patients and Samples

Four Chinese MM patients included in this study received autologous stem cell transplantation (ASCT) after VTD induction (bortezomib–thalidomide–dexamethasone) (14) or PAD (bortezomib–doxorubicin–dexamethasone) induction, followed by consolidation therapy using an additional two cycles of VTD or not, and then thalidomide maintenance (thalidomide 50 mg daily) for 1 year. Diagnostic and follow-up bone marrow (BM) samples were studied. This study was approved by the Institutional Review Board of the University of Hong Kong/Hospital Authority Hong Kong West Cluster with informed consents. Patient and sample characteristics are shown in Table 1.


Table 1. Patient and sample characteristics.
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MRD Measurements by NGS

Genomic DNA was extracted from BM samples using the QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany). DNA concentration was measured by the Qubit dsDNA HS assay kit and Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA). DNA input was of 500 ng for clonality assessment of the four diagnostic samples. PCR amplification of Ig gene rearrangement fragments was performed using the LymphoTrack IGH (FR1, FR2, FR3) and IGK assays according to the instructions of the manufacturer. Primers in the LymphoTrack assays were designed with Illumina adapters. Subsequently, each amplicon was purified by AMPure XP beads (Beckman Coulter, Brea, CA), followed by quantification using the KAPA Library Quantification Kit (Roche, Basel, Switzerland). An equal amount of all purified amplicons was pooled into a library of 4 nM, denatured, diluted, loaded on to the MiSeq, and subjected to MiSeq run (v3, 2 × 300 cycles; Illumina, San Diego, CA). Sequencing data in FASTQ format were analyzed using the LymphoTrack software package (InVivoScribe Technologies, San Diego, CA). A clonotype was defined when at least five identical sequencing reads were obtained. Frequency of a clonotype was determined by the number of sequencing reads of the clonotype divided by the total number of sequencing reads. A myeloma clonotype for tracking MRD was defined as an identical sequence with a frequency of >5% as previously described (7).

For detection of MRD in the follow-up samples, triplicates of 1 μg DNA input for each sample were subjected to PCR amplification using the LymphoTrack IGH (FR1) assay. DNA from a healthy donor BM was used as negative control. Subsequent library preparation and sequencing were performed as described above for clonality detection in diagnostic samples. The sequencing depth for each replicate was designed to be of 1 million sequencing reads. The number of cells contained in 1 μg of each sample was validated by the real-time PCR standard curve method using plasmids, in which the albumin gene is cloned. Two plasmids containing unique IGH sequences were added to each replicate: one at the concentration of 10−5 (plasmid A: copy number equivalent to 0.001% of the number of total cells in a replicate) for validation of the sensitivity of 10−5, and the other at 5 × 10−5 or 10−4 (plasmid B) for obtaining an amplification factor, i.e., percentage of tumor alleles per sequence read. The MRD level in each replicate was calculated from the corresponding reads of the myeloma-specific sequence and the amplification factor. The final MRD level of a sample was defined as the mean MRD levels of the triplicates. An overview of the MRD measurement method described above is shown in Figure 1.
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FIGURE 1. Overview of the workflow of MRD measurement method used and evaluated in the present study. The number of cells contained in 1 μg bone marrow mononuclear cells (BMMCs) of each sample was determined by real-time PCR standard curve method. Each MRD sample was studied in triplicates of 1 μg DNA input with a sequencing g depth of 1 million reads in each replicate. Two plasmids containing unique IGH sequences were added to each replicate: plasmid A at concentration of 10−5 for validation of the sensitivity of 10−5, and plasmid B at 10−4 for deriving the amplification factor, i.e., percentage of tumor alleles per sequencing read (0.01%/sequencing reads of plasmid B). MRD of each replicate was derived by multiplying patient-specific sequencing reads with the amplification factor.



MRD Study by ASO RQ-PCR

Clonality detection and subsequent MRD assessment by ASO RQ-PCR were performed as previously described (15). Clonality and the sequence of the complementarity-determining region 3 (CDR3) were identified by sequential PCR of the IGH VDJ, IGH DJ, and IGK VJ rearrangements, followed by Sanger sequencing. For MRD assessment, ASO forward primers with/without patient-specific reverse primers were designed. RQ-PCR was performed and interpreted according to the EuroMRD guidelines (16).

RESULTS AND DISCUSSION

Assessment of Clonality in Diagnostic Samples

Myeloma-specific clonal IGH VDJ rearrangements present in diagnostic MM BM samples were identified by IGH VDJ FR1 PCR in NGS. Patient 1 had two unrelated clonal rearrangements (frequency of clonotype-1 of 45.5% and of clonotype-2 of 18.5%), while patients 2–4 had a single clonotype (frequency of 42.8, 80.3, and 13.9%, respectively). The clonotype sequences identified by NGS were exactly the same as those derived from IGH multiplex consensus PCR followed by Sanger sequencing, including the two clonal rearrangements present in patient 1. These two clonal rearrangements identified in patient 1 might occur in the same myeloma cell, or two independent myeloma cells, in case of biclonal disease. However, this could not be ascertained as one was a functional rearrangement, while the other was non-functional. This is consistent with the “allelic exclusion model of IgH locus rearrangements,” whereby pro-B cells with a productive V(D)J rearrangement suppress VH to DJH rearrangement of the second allele (17). Moreover, this model predicts that cells that make a non-functional VHDJH joint on the first allele will subsequently rearrange VH to DJH on the second allele, resulting in the generation of mature lymphocytes carrying non-productive VHDJH rearrangement on one allele, and productive rearrangement on the other (17). Results of clonality detection are shown in Table 2.


Table 2. Results of clonality detection.
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NGS-Based MRD Detection
 Specificity of Sequences of Spike-In Control and MRD Target

First of all, none of the IGH sequences of the two plasmids added to each patient replicate sample were detected in the negative control, which used DNA from a healthy donor BM, indicating specificity of the sequences; hence, this indicates that, in principle, they were good candidates for spike-in controls. Subsequently, the feasibility of the clonal IGH VDJ rearrangements identified in the diagnostic samples as MRD targets in follow-up samples from the same patients was also evaluated. Clonal myeloma-specific sequences were not detected in the normal control except clonotype-1 of patient 1. The mean frequency of MRD from the triplicates of clonotype-1 identified in patient 1 were 1.5 × 10−2 in sample follow-up-1, 7.7 × 10−4 in follow-up-2, 4.3 × 10−4 in follow-up-3, but only 2.2 × 10−6 in the normal control, which is 2–4 logs lower than the level of MRD detected in the MRD follow-up samples. While false-positive MRD amplification may arise from non-specific primer binding to similar V-(D)-J sequences in normal lymphocytes, NGS MRD positivity is based on the detection of the identical myeloma clonal sequence (18). Therefore, MRD positivity in normal background in NGS might arise from normal cells producing the same sequence with myeloma cells (19). Indeed, identical IgH rearrangement with identical CDR3 sequences produced by unrelated cell populations has been observed in mice (20). However, there are 24 deleted/inserted nucleotides in the CDR3 region; hence, an identical clonotypic sequence generated by normal unrelated cells is unlikely (19). Another possibility is index misassignment when sequencing reads from pooled libraries are identified and sorted computationally by de-multiplexing before data analysis (21, 22). On the other hand, DNA contamination is less likely. As patient 1 harbored two clonotypes including clonotype 2, one would expect to find sequence of clonotype 2, in addition to clonotype 1, in the same normal control in case contamination had occurred. Moreover, while we are not able to analyze the number of tumor reads in the normal control due to the absence of a spike-in normalization plasmid, the number of reads would have ranged from 245 to 610 in sample FU-1 of patient 1 should there be one tumor cell in the FU sample. Given the small number of reads in the normal control, herein, N = 5, 2, and 0 in the respective replicate, we believe that index misassignment is the most likely reason.

Sensitivity of NGS MRD Detection

Regarding sensitivity, it should be noted that the IGH sequence of 10−5 control plasmid was detected in at least one of the triplicates of all follow-up BM samples; thus, the sensitivity of 10−5 was achieved in all seven samples tested. Obtained sequencing reads for 10−5 control plasmid in each replicate are shown in Table 3. This is the first report in which the sensitivity of 10−5 was verified for the LymphoTrack-Miseq platform. Although the ability to detect MRD at the level of 10−6 disease burden has been demonstrated by serial dilutional experiments using the LymphoSIGHT platform (5, 6), a few points remain to be clarified in these experiments. First, MRD assessment was not the same for every follow-up sample, since the number of total input cells for MRD evaluation varied substantially (e.g., between 86,143 and 1,556,654 cells) (5). Moreover, the ability to analyze a total of 107 cells, which will entail analysis of between 5 and 50 μg of DNA in one PCR reaction is technically challenging, if not currently impossible. Therefore, the exact technical details need to be provided to help clarify how the experiment was conducted. Finally, as the sensitivity of an MRD assay is dependent on the number of total input cells, a sensitivity of 10−6 might not be guaranteed in every sample.


Table 3. Results of minimal residual disease measured by next-generation sequencing and allele-specific oligonucleotide real-time quantitative-PCR.
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To analyze the prognostic impact or the efficacy of novel agents by MRD monitoring, some studies used pre-defined MRD cutoff levels (7, 10–12, 23), while others used MRD-detectable/undetectable as end-points (13, 24). In the latter reports, a uniform sensitivity for the MRD detection assay is important as MRD-negativity might refer to different levels of MRD in case sensitivity varies among distinct samples. Herein, we advocate each follow-up BM sample to be analyzed in triplicate with a standardized DNA input of 1 μg per replicate for MRD detection to achieve a uniform sensitivity of 10−5, the minimal requirement to qualify for sequencing-based MRD-negativity according to the IMWG criteria (4). In turn, the Euro-MRD guidelines for ASO RQ-PCR recommend 500 ng in triplicates for MRD assessment, whereby a sensitivity of 10−4 to 10−5 can be achieved. However, patient-specific primers/probes are often required with the ASO RQ-PCR approach, which is labor-intensive and time-consuming (15, 25).

Molecular Number of Spike-In Control for Normalization

Of note, with the approach here used, the MRD level was normalized by the amplification factor (percentage of tumor alleles per sequence read) obtained from the 5 × 10−5 or 10−4 diluted plasmid. The LymphoSIGHT platform applied a pool of plasmids containing three unique IGH clonotypes to obtain a final amplification factor (number of molecules per sequence read) for absolute quantitation of tumor alleles (5). However, copy numbers of the plasmids have not been reported. A recent MRD study using the LymphoTrack-Miseq platform used spike-in DNA corresponding to 1,000 clonal cells (13). Given the limited data in the field, the optimal copy number of spike-in positive control DNA for absolute quantitation of tumor alleles still remains to be defined. Calculation of MRD levels using spike-in controls in NGS-based MRD assays is based on the same principles of using the standard curve in ASO RQ-PCR. According to the Euro-MRD guidelines for ASO RQ-PCR, dilution points included in the standard curve for quantitation of MRD in the follow-up samples should be within the “quantitative range,” which requires the delta Ct of the three replicates to differ by < 1.5, hence equivalent to a 2.8-fold difference in copy number. At present, there is still no consensus for the spike-in control (the amplification factor) in NGS-based MRD assessment; however, it might be inferred that the concentration of this spike-in control should not be too low. In our study, concentrations of 5 × 10−5 and 10−4, corresponding to approximately 10 and 20 copies of plasmids, were assessed. Sequencing reads (frequency) of 5 × 10−5/10−4 plasmids are shown in Table 3. Indeed, our data showed that a wide variation in the frequency of plasmid reads was observed at the lower concentration of 5 × 10−5 among the triplicates in one of two samples. Whether a high copy number (hundreds) of spike-in control may result in an inaccurate quantitation of very low MRD levels of tumor alleles needs to be confirmed. Nevertheless, a spike-in plasmid at approximately 10−4 appears appropriate for MRD normalization based on our limited experimental data, as variation lower than 2.8-fold in frequency among triplicates of the 10−4 plasmid were achieved in four of five samples. However, in the follow-up sample of patient 4, minor variation was observed in two of three replicates. Thus, MRD in this sample was determined by those two replicates and obtained comparable MRD level with ASO RQ PCR (42 copies vs. 30 copies, per 105 cells).

Interpretation of MRD From Triplicates

Based on the approach here used, final MRD levels for a sample were derived from the mean MRD values of triplicates for that specific sample. In Euro-MRD guidelines for ASO RQ-PCR, an MRD result for a given follow-up sample might be interpreted as either quantifiable, positive but not quantifiable (PNQ), or negative (16). In NGS-based MRD assessment, MRD positivity is defined as the presence of two identical reads of the MRD target in the LymphoSIGHT platform and five identical reads in the LymphoTrack-Miseq approach. The percentage of MRD reads in a positive sample is calculated with the absolute myeloma molecules normalized by the spike-in control divided by total input cells in the reaction. Previously reported NGS MRD studies (7, 9–13, 23, 26) did not refer usage of MRD replicate measurements in follow-up samples; thus, the concept of PNQ for interpretation of MRD results has not yet been established in NGS-based MRD assays. Meanwhile, quantitative discrimination in NGS was regarded as super-imposable to its sensitivity, in contrast to ASO RQ-PCR, in which MRD levels beyond the quantifiable range are assigned “PNQ” (26). Indeed, a certain MRD level can be reached in MRD samples as long as tumor-specific alleles are detected by NGS. Moreover, an improved quantitative ability (greater sensitivity) is observed in NGS compared to RQ-PCR. For instance, Faham et al. reported that LymphoSIGHT was highly quantitative for frequencies above 10−5 (5), while frequencies of 10−4 to 10−5 were usually detectable but not quantifiable in ASO RQ-PCR. Here, a higher quantifiable range of NGS compared to ASO RQ-PCR was observed for the first follow-up sample of patient 1. For MRD assessment by ASO RQ-PCR, ASO forward primers and patient-specific reverse primers were designed for clonotypes 1 and 2, achieving a quantitative range of 10−4 and 5 × 10−4, respectively. If similar criteria of quantitative range in ASO RQ-PCR (i.e., delta Ct of the three replicates to differ by no more than 1.5) are applied to NGS (i.e., 2.8-fold difference in frequency in triplicates), the spike-in control of 5 × 10−5 in this same could be regarded as quantifiable. However, MRD measured from a single replicate by NGS is not necessarily accurate. In fact, random errors increased at clonotype frequencies below 10−5 in the serial dilutional experiments performed by Faham et al. (5). Similarly, triplicates applied in our study also clearly showed that despite residual disease was detected at very low MRD levels of 10−5, they were not reproducible among replicates, consistent with Poisson statistics for low numbers of target molecules, a limitation that would potentially be overcome by increasing the DNA input. Therefore, we applied triplicates of 1 μg DNA for MRD measurement for each follow-up sample and MRD level was defined as mean MRD burden of the triplicates. Results of measured MRD are shown in Table 3 and Figure 2.
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FIGURE 2. Comparison between NGS and RQ-PCR. For each MRD sample, NGS based MRD of triplicates, mean MRD and ASO RQ-PCR based MRD are shown. For comparison purposes, cases that were defined as “positive not quantifiable” in ASO RQ-PCR were placed to sensitivity of that patient (10−5 for clonotype-1 of patient 1, 5 × 10−5 for clonotype-2 of patient 1 and patients 3). Aberration: FU, follow-up; PNQ, positive not quantifiable.



Comparison Between NGS and ASO-PCR to Evaluate MRD

In the four patients here studied by NGS, MRD was also analyzed in parallel by ASO RQ-PCR using patient-specific primers, rendering a sensitivity of 5 × 10−5 to 10−5. As a result, MRD was detected by ASO RQ-PCR in the five follow-up samples of patients 1, 3, and 4 but not in the two follow-up samples of patient 2. Notably, NGS yielded MRD+ or MRD– results concordant with ASO RQ-PCR in all these seven follow-up samples.

The dynamic change of MRD in the three sequential MRD-positive samples obtained by NGS and ASO-PCR was fully concordant. The serological response of patient 1 was VGPR for the follow-up-1 sample and CR for the follow-up-2 and follow-up-3 samples. Correspondingly, MRD of clonotype 1 was reduced from 0.045% in sample follow-up-1 to PNQ (positive but non-quantifiable as MRD level is below the quantitative range, 10−4, of this patient) in samples at follow-up-2 and−3 by ASO RQ-PCR, and reduced from 0.046 to 0.0004% and 0.010% by NGS (Figure 2). Therefore, both methods showed the expected decrease of MRD levels associated with the change in serological response. In addition, clonotype 2 of patient 1 was detected in the follow-up-2 sample by NGS but not by ASO RQ-PCR. This would be attributed to the higher sensitivity of NGS (10−5) compared to ASO RQ-PCR (5 × 10−5) for clonotype 2. Ladetto et al. compared MRD in sequential follow-up samples in MM by NGS and ASO RQ-PCR, and discordances were observed in 44% (20/45) of the samples (26). Among the 20 discordant cases, ASO RQ-PCR yielded a positive result in 8 that were negative by NGS MRD, indicating that this discordance could not be accounted for by the different sensitivity between the two approaches. Therefore, further studies are needed to understand the reasons for the discordant MRD results obtained with NGS and ASO RQ-PCR, as discordant MRD results post-treatment by these two techniques would generate different conclusions about the MRD response.

In summary, this report provides the first data on a standardized protocol for MRD assessment using the LymphoTrack-Miseq platform based on the use of triplicates of 1 μg DNA input for each MRD sample and a sequencing depth of 1 million sequencing reads per sample. In addition, in the proposed protocol, two spike-in controls were also included: one serving as a 10−5 sensitivity marker and the other as a reference for MRD normalization. Moreover, the standardized NGS protocol proposed yielded MRD results comparable to ASO RQ-PCR, both of which were concordant with the serological response. Furthermore, NGS proved to achieve an improved sensitivity and more reproducible quantification of low levels of MRD, otherwise declared PNQ by ASO RQ-PCR, without the need for patient-specific probe/primers and, hence, a less labor-intensive technique and faster turn-around time. As only a small number of samples are tested here, further study with a larger number of patients is warranted.
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