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Background

Despite treatment with high-dose chemotherapy followed by autologous stem cell transplantation (AHCT), patients with multiple myeloma (MM) invariably relapse. Molecular residual disease (MRD)-negativity post-AHCT has emerged as an important prognostic marker predicting the duration of remission. Current techniques for MRD assessment involve bone marrow (BM) aspirate sampling, which is invasive, subject to sample variability and is limited by spatial heterogeneity. We compared the performance of a non-invasive, circulating tumor DNA (ctDNA)-based MRD assay with multiparameter flow cytometry (MFC) of marrow aspirate to predict relapse in AHCT recipients with MM.



Methods

MRD assessment using ctDNA was retrospectively analyzed on 80 plasma samples collected at different time points from 28 patients, post-AHCT. MFC was used to assess MRD from BM biopsy. Individual archived BM aspirate slides or formalin-fixed paraffin-embedded slides from the time of MM diagnosis and matched blood were used to assess MRD at 3 months, post-AHCT, using a personalized, tumor-informed ctDNA assay.



Results

ctDNA was detectable in 70.8% (17/24) of pre-AHCT patients and 53.6% (15/28) of post-AHCT patients (3-month time point). Of the 15 post-AHCT ctDNA-positive patients, 14 relapsed on follow-up. The median PFS for ctDNA-positive patients was 31 months, and that for ctDNA-negative patients was 84 months (HR: 5.6; 95%CI: 1.8-17;p=0.0003). No significant difference in PFS was observed in patients stratified by MFC-based MRD status (HR 1.2; 95%CI: 0.3-3.4;p=0.73). The positive predictive value for ctDNA was also significantly higher than MFC (93.3% vs. 68.4%).



Conclusions

This study demonstrates tumor-informed ctDNA analysis is strongly predictive of MM relapse.
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Introduction

Multiple myeloma (MM) is the second most common hematological cancer in the US, and despite the dramatic changes in treatment, remains incurable (1) The advancements in treatment options have led to an increased proportion of patients achieving better outcomes (2). Minimal/molecular residual disease (MRD) assessment using next-generation sequencing (NGS) and next-generation flow (NGF) have the ability to detect MRD at 10-5 and 10-6 levels. The prognostic significance of MRD, regardless of the treatment and methodology, has been well established for both newly diagnosed MM as well as relapsed and/or refractory MM (3). Furthermore, undetectable MRD has shown to overcome the poor prognosis of high-risk cytogenetics in MM, as these patients have similar survival when compared with MRD-negative standard risk patients (4). These observations underscore the prognostic significance of MRD and its need to be accepted as a clinical end-point in MM.

However, bone marrow (BM)-based MRD assessment has several limitations due to patchy quality and hemodilution of BM samples, false negative results due to extramedullary disease and invasive nature of the procedure (5). Furthermore, the feasibility of monitoring the genetic characteristics due to the spatial and temporal heterogeneity resulting from tumor evolution and progression is challenging (6).

Circulating tumor DNA (ctDNA) has emerged as a promising noninvasive biomarker for longitudinal assessment of solid tumors (7, 8). Detection and quantification of ctDNA provides an accurate assessment of tumor burden beyond other available serological markers (8, 9). Here we evaluated the prognostic role of ctDNA-based MRD detection using a personalized multiplex amplicon-based NGS platform on archival samples in MM patients after autologous hematopoietic cell transplantation (AHCT).



Materials and Methods


Patients and Samples

A total of 80 plasma samples from 28 patients with MM were analyzed retrospectively at Medical College of Wisconsin. This sample set is representative of the Multiple Myeloma patients. High risk FISH patients were defined by t (4;14), t(14;16), t (14;20), 17p deletion) and 1q gain/amplification, and 1p deletion. All patients had upfront AHCT, following initial induction on the BMT CTN 0702 STaMINA study. All patients were on lenalidomide maintenance, post-AHCT. Plasma samples were available for 3 time points: pre-AHCT, at 3 months and ~1 year post AHCT. The primary objective of the study was to correlate ctDNA status at 3 months post-AHCT with progression-free survival (PFS). The secondary objective was to compare the performance of ctDNA-based MRD assessment multiparameter flow cytometry (MFC) analysis. The study was performed in accordance with the Declaration of Helsinki and all participants provided written informed consent.



MRD Assessment Using ctDNA (mPCR-NGS Methodology) and Multiparameter Flow Cytometry

MRD assessment at 3 months post-AHCT was performed by ctDNA analysis using a personalized, tumor-informed (Signatera™, bespoke mPCR-NGS assay). Briefly, whole exome sequencing (WES) was performed on Formalin-Fixed Paraffin Embedded (FFPE) tumor blocks or individual bone marrow aspirate (BMA) slides (available from the time of MM diagnosis) and matched germline DNA obtained from blood samples. On analyzing the WES sequencing results, primers were designed for up to 16 patient-specific somatic clonal SNVs for mPCR testing, which were subsequently used to identify and track ctDNA in the patient’s plasma. ctDNA can be detected with both a high sensitivity and high specificity, reliably detecting variants down to 0.01% VAF (7). Cell-free DNA (cfDNA) was extracted from frozen plasma samples (2 mL) obtained at predetermined time points (pre-transplant: median 9.9 ng/mL, range: 1.2-315.5 ng/mL; post-transplant: median 8.8 ng/mL, range: 2.8–114.5 ng/mL). The presence of ctDNA was quantified in mean tumor molecules (MTM) per mL of plasma.

MFC was used to assess MRD from BM biopsy and was assessed at 3 months post AHCT using institutional flow at 10-4 sensitivity (10). Briefly, 4- and 8-color flow cytometry was performed using a FACSCanto or FACSCalibur analyzer (BD Biosciences, San Jose, California) and fluorescent-labeled antibodies against CD19, CD20, CD38, CD45, CD56, CD117, CD138, CD200, and/or CD319 (BD Biosciences). Surface and intracytoplasmic light chain expression were determined using kappa and lambda antibodies (BD Biosciences); abnormal light chain ratios were defined as <0.5 and >4. MRD analysis consisted of 200,000 to 500,000 acquired events/tube, analyzed by a hematopathologist using Paint-A-Gate software (BD Biosciences), with a sensitivity of 0.01%.



Statistical Analysis

Survival analyses were performed using the Kaplan-Meier Estimator and the Cox method. These analyses were carried out in R version 3.6.1 using packages survminer, survival, and coxphf (https://cran.r-project.org). Local MRD evaluation by MFC 10-4 level was compared with the ctDNA assay. The prognostic value of ctDNA was evaluated by correlating MRD status with clinical outcomes (PFS) using Cox regression. PFS was defined as the time from AHCT until progression or death. High risk cytogenetics was defined as having one of the following: t (4;14), t (14;16), t (14;20), 17p deletion, 1q gain and 1p deletion. A multivariable Cox proportional hazards model was employed to assess the most significant prognostic factor associated with PFS. For multivariate analysis, the age, cytogenetics and MRD status by MFC were included as covariates along with ctDNA status. All p values were based on 2-sided testing, and differences were considered significant at p ≤ 0.05. The ctDNA statistical analysis plan was developed before unblinding of the clinical data and followed for the analysis. The data assessors were blinded to patient outcome and sample order. Neither treating clinicians nor patients were informed about the ctDNA results.




Results

A total of 52 patients with 151 available plasma time points were eligible for the study. Of these, 24 patients were excluded due to tissue WES quality check (QC) failure due to insufficient quantity/quality of DNA from archival (~10-15 years in age) BMA slide or FFPE tissue slide samples. The remaining 28 patients with 80 plasma samples passed WES QC parameters and were included in the study (Figure 1A). As shown, only 24 patients had plasma samples available before the transplant. Baseline patient characteristics are shown in Table 1. The median age of the patients was 67 years (range, 41-70) and 57% were males. High risk cytogenetics was present in 14% of the patients. About 50% of the patients achieved complete response after AHCT.




Figure 1 | (A) Study design and (B) Overview plot across different time points, illustrating association of ctDNA (filled circles: ctDNA positive, clear circles: ctDNA negative) with clinical response (red triangles: clinical relapse, cross: death). (C–E) Target plots of ctDNA status for individual patients.




Table 1 | Baseline patient characteristics.




MRD Assessment Using ctDNA (mPCR-NGS Methodology) and MFC

In this cohort, a total 64.2% (18/28) of patients experienced relapse (Figure 1B). ctDNA was detectable in 70.8% (17/24) of pre-AHCT, 53.6% (15/28) of post-AHCT, and 39.2% (11/28) of patients at the 1-year follow-up time point (Figure 1B). ctDNA target plots for individual patients are represented in (Figures 1C–E). We chose to highlight longitudinal ctDNA results from patients 9, 15, and 24 because they are particularly illustrative of the clinical utility of personalized and tumor-informed ctDNA testing. Patient 9 tested ctDNA-positive prior to AHCT, and tested ctDNA-negative twice thereafter, up to ~400 days post-transplant. The patient did not experience clinical relapse. Patients 15 and 24 tested ctDNA-positive prior to AHCT and continued to stay positive, suggesting the presence of MRD. In both cases, ctDNA levels further increased at the third time point. Approximately 100 days (patient 24) and 200 days (patient 15) after ctDNA levels increased, both patients went on to relapse, confirmed by imaging. These cases demonstrate that ctDNA-positivity at the MRD time point is not only prognostic, but can predict relapse far ahead of clinical progression. MRD-positivity by MFC is shown in Supplementary Figure 1.

Overall, at 3 months post AHCT, 15 (54%) patients were ctDNA positive and remaining 13 (46%) were ctDNA negative whereas 19 (68%) patients were MRD-positive by MFC and 9 (32%) were MRD-negative by MFC. At a median follow-up of 52.65 months, ctDNA-negative patients at 3 months post-AHCT had significantly longer PFS than ctDNA-positive patients [median 84 months (range: 21.3-119.5) vs. 31 months (range: 7.8- 97.3); HR 5.6; 95% CI: 1.8-17; p=0.0003] (Figure 2A). On the other hand, no significant difference was observed in PFS in patients stratified by MFC-based MRD status [median PFS in MRD-negative patients (44.96 months, range: 18.4-95.1) vs. median PFS in MRD-positive patients (53.4 months, range: 7.83-119.5); HR 1.2, 95% CI: 0.3-3.4; p=0.73] (Figure 2B).




Figure 2 | Progression-free survival at 3 – month post-transplant: (A) ctDNA analysis in peripheral blood and (B) Multiparameter flow cytometry at 10-4 sensitivity. (C) ctDNA detection rates and relapse rates across the cohort. (D) Analysis comparing MFC status to ctDNA status, both measured 3 months post-transplant. (E) Multivariate analysis of prognostic factors and their association with progression-free survival, as indicated by hazard ratio, analyzed across the cohort.



Of the 15 ctDNA-positive patients at the 3-month post-AHCT, 14 (93.3%) patients progressed and of 19 patients who were MRD-positive by MFC at the same time point, only 13 (68.4%) patients showed evidence of disease progression. Similarly, of 13 patients who were ctDNA-negative, 4 (30.7%) patients relapsed at the last follow-up, while 5 of the 9 (55.5%) patients who were negative by MFC at 3 months had disease progression. At this time point, ctDNA analysis revealed a positive predictive value (PPV) of 93.3% and negative predictive value (NPV) of 69.3% (Figure 2C). The confidence limits for relapse rate in MFC-negative cohort using a simple binomial test comes out to be 21.2% < 55.5% < 86.3%. While the measured relapse rate of 30.7% for the ctDNA-negative cohort, does fall within the confidence interval, it is close to the lower bound. This indicates that the negative predictive value of the ctDNA method is at least noninferior to MFC, with a good margin. On the other hand, the confidence limits for the relapse rate in the MFC-positive cohort are 43.5% < 68.4% < 87.4%. The measured relapse rate in the ctDNA-positive cohort is 93.3% and lies well outside these confidence limits.

On comparing, ctDNA and MFC data, we observed a concordance of 64.2% (18/28) and a discordance of 35.8% (10/28) (Figure 2D). Among the discordant cases, 100% of the ctDNA-positive patients that were negative by MFC (n=3) relapsed. On the other hand, of the 7 patients that were positive by MFC but negative for ctDNA, only 2 patients relapsed (28.6%). Collectively, these results suggest greater sensitivity of personalized ctDNA assay over MFC in accurately predicting relapse.

In multivariate analysis, ctDNA status at 3 months was found to be an independent prognostic factor (hazard ratio, HR 8.86, 95% CI: 1.83-43; p<0.007 (Figure 2E) for PFS. MRD status by MFC had no impact on outcomes as shown (HR 0.47; 95% CI: 0.13-1.6; p= 0.23).




Discussion

This study of uniformly treated upfront AHCT patients with newly diagnosed MM aimed to examine the feasibility and predictive ability of a ctDNA-based MRD assay in the post-transplant setting using archived blood and marrow samples. Our study showed that ctDNA-positivity at the 3-month time point post AHCT was predictive of progression and superior to MFC at 10-4 sensitivity.

Other reports have shown the prognostic value of MRD testing at a single time point (11, 12). Medina et al. compared the prognostic value of MRD testing 3 months post-transplant, evaluated by NGS and NGF. In both assays, MRD-negative patients showed a significantly better 3-year PFS rate than the positive patients (p < 0.001), either basing on NGS (88.7% vs. 56.6%) or NGF results (91.4% vs. 50%), respectively, p < 0.001 (12).

MRD assessment using peripheral blood (PB) has been investigated in MM using circulating plasma cells (CPCs), digital droplet PCR-based ctDNA assessment and mass spectrometry (MS) analysis (13–15). Findings from these studies suggest convenience of using PB for MRD assessment, however, these methodologies are not as sensitive as marrow based NGS or NGF methodologies (16, 17). In the first comparative study of MRD by NGS on immunoglobulin (Ig) gene rearrangements between ctDNA and bone marrow, MRD burden in ctDNA was not correlated to bone marrow suggesting a limited quantitative significance of ctDNA (18). Another study using deep sequencing demonstrated a clear correlation between myeloma clone levels in paired bone marrow and peripheral blood samples; however, the assay demonstrated superior sensitivity in the bone marrow compartment (19). Both these studies that have used an NGS-based approach for identifying and quantifying Ig gene rearrangements underscore the need for additional analysis to understand the utility of blood in monitoring MM. This could potentially be achieved by using an assay that employs additional molecular targets.

In this regard, our study employs a personalized, tumor-informed ctDNA test that detects and quantifies up to 16 tumor-derived, clonal, somatic single nucleotide variants for the purpose of MRD detection. Having the patient’s archival FFPE samples and BMA slides, from which DNA can be extracted, allows WES to be performed. WES identifies the somatic variants present in the tumor versus matched normal tissue, from which clonal variants specific to the individual patient’s tumor are selected. Most clonal variants are passenger mutations, i.e. mutations that have no effect on the fitness of a clone but are associated with clonal expansion, and are not susceptible to treatment-induced attrition. Thus, clonal variants are truly representative of the overall tumor burden over time, and can be tracked to measure disease progression/treatment response with high confidence. By identifying and tracking clonal variants, which are expected to be present in every cancer cell from the patient, the tumor-informed approach, as used in this study (bespoke mPCR-NGS ctDNA assay) ensures that residual disease can be detected with both a high sensitivity and high specificity. The tumor-informed method also significantly reduces the false-positive rates by filtering out clonal hematopoiesis of indeterminate potential (CHIP) and germline-derived variants from analysis. Compared to other fixed panel-based ctDNA technologies that are limited to 0.1%-1% plasma-level variant allele frequency (VAF) detection, the ctDNA assay used in this study has previously demonstrated >95% sensitivity at (VAF) of 0.01% (7). In this study, the ctDNA assay has demonstrated a PPV and NPV of 93.3% and 69.3%, respectively, which is encouraging when compared to prior studies. However, it is important to realize that the MFC-based MRD assay was at a sensitivity level of 10-4. Although, it is a standard BM-based MRD test that is used in the clinical setting, it is not as sensitive as an NGS and next generation flow (NGF)-based assay.

The major limitation of our study stems from the fact that the initial sample collection was not intended for this study and the archival marrow samples did not yield sufficient DNA quantity or quality to enable the design of the tumor-informed ctDNA assay for 46% of the patients. Samples were more than 10 years old, which likely contributed to the high extraction failure rates. Sufficient DNA quantity/quality is needed in order to successfully perform WES, the results of which are a requirement for the selection of the 16 SNVs for personalized and tumor-informed ctDNA testing. In all cases where sufficient DNA quantity/quality was extracted for archival FFPE or BMA samples (n=28), we were able to successfully design patient-specific primers and perform ctDNA testing for 100% of the patients. In real world practice, we anticipate sample extraction failure rates to be less than 3%, which was observed in a prospective observational study (GALAXY study - UMIN000039205 in CIRCULATE-Japan trial) being conducted in stage II-IV colorectal cancer patients (20).

Dedicated marrow samples and germline DNA collected at initial diagnosis may enhance the feasibility of the test and its clinical utility. We acknowledge that in this study, we were limited by a relatively small sample size and the less sensitive (10-4) MFC based MRD assay, which was the only MRD assay available during that period. We note that the lack of significance in the PFS data for patients stratified by MFC-based MRD could be because of the nature of a less sensitive assay and that it would have been of value to compare the sensitivity of our multi-target ctDNA assay, which employs an amplicon-based sequencing (average depth per amplicon of >100,000) with a commercially available NGS assay that has a comparable performance.

On a positive note, with the use of a personalized mPCR-NGS methodology, we were able to design and track clonal variants in archival samples. In future studies, we plan to compare the performance of personalized mPCR-NGS ctDNA testing to that of BM-derived NGS and NGF technologies, for early detection of relapse. We believe that the personalized mPCR-NGS ctDNA testing that identifies clonal variants truly represents the overall tumor burden, which can be tracked over time and will likely overcome the limitations associated with localized BM-based MRD assays, which may not capture the overall disease burden. Overall, this study indicates a strong potential to improve the clinical management of MM with the introduction of personalized ctDNA analysis. This can further be strengthened by replicating the results in additional cohorts.
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Age, median (range), years 67 (41-70)
Gender

Male 16 (57.1)
Race

White 24 (86)
AA 3(11)
Others 10
Isotype

IgG kappa/lambda 20 (71)
IgA kappa/lambda 3(11)
Light chain 5(18)
ISS stage’

| 15 (54)
I 11(39)
Il 1(3.5)
Unknown 1(3.5)
High risk cytogenetics® 4 (14)
Induction®

VRD 13 (46)
CyBorD 1139
Others 4 (15)
Maintenance

Lenalidomide 28 (100)
Time from diagnosis to transplant

Median, months (range) 6 (4-8)
Post-Transplant IMWG response

Complete/near complete response 14 (50)
Very good partial response 5(18)
Partial response 932

1. International staging system.

2.t (4;14), t (14;16), t (14;20), 17p deletion, 1q amplification and 1p deletion.

3. VRD: bortezomib, lenalidomide and dexamethasone; CyBorD: Cyclophosphamide,
bortezomib and dexamethasone.

IMWG, International myeloma working group.





