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Background: Most patients with multiple myeloma (MM) are considered to be incurable, and relapse owing to minimal
residual disease (MRD) is the main cause of death among these patients. Therefore, new technologies to assess deeper response
are required.

Patients and methods: We retrospectively analyzed 125 patients with MM who underwent high-dose melphalan plus
autologous stem-cell transplantation (ASCT) to detect MRD in autograft/bone marrow (BM) cells using a next-generation
sequencing (NGS)-based method and allele-specific oligonucleotide-polymerase chain reaction (ASO-PCR).

Results: NGS-based method was applicable to 90% and this method had at least one to two logs greater sensitivity compared
to ASO-PCR. MRD negative by NGS [MRDN®>(—)] (defined as <107%) in post-ASCT BM cases (n = 26) showed a significantly
better progression-free survival (PFS) (96% at 4 years, P < 0.001) and overall survival (OS) (100% at 4 years, P=0.04) than
MRDN®(+) in post-ASCT BM cases (n = 25). When restricting the analysis to the 39 complete response cases, patients who were
MRDN®(—) (n = 24) showed a significantly better PFS than those that were MRDN*(+) (n = 15) (P =0.02). Moreover, MRD*(—)
in post-ASCT BM cases (n = 12) showed significantly a better PFS than MRD*(4) cases (n = 7) where MRD was not detected
by ASO-PCR (P = 0.001). Patients whose autografts were negative by NGS-based MRD assessment (<10~) (n = 19) had 92% PFS
and 100% OS at 4 years post-ASCT. Conversely, the NGS-based MRD positive patients who received post-ASCT treatment using
novel agents (n =49) had a significantly better PFS (P =0.001) and tended to have a better OS (P= 0.214) than those that were
untreated (n = 33).

Conclusions: Low level MRD detected by NGS-based platform but not ASO-PCR has significant prognostic value when
assessing either the autograft product or BM cells post-ASCT.
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Introduction

Autologous stem-cell transplantation (ASCT) in conjunction
with novel therapeutic drugs can dramatically improve response
rates and the prognosis of patients with multiple myeloma
(MM). However, most patients with MM are considered to be
incurable, and relapse owing to minimal residual disease (MRD)
is the main cause of death among these patients. Therefore, new
technologies to assess deeper response are required. We utilized
a sequencing method, which employs consensus primers and
next-generation sequencing (NGS) to amplify and sequence all
rearranged immunoglobulin gene segments present in a myeloma
clone to assess MRD detection in patients with MM in the ASCT
setting.

Patients and methods

One hundred and twenty-five Japanese patients with newly diagnosed
MM who received various induction regimens prior to ASCT were retro-
spectively screened and analyzed. The patients received high-dose mel-
phalan plus ASCT and were followed up between 15 June 2004 and 15
September 2016 in the hospitals of our research group. The median
follow-up for survivors was 3.5 years (range 0.5-10.5years). MM was
diagnosed according to the IMWG criteria [1], and the patients’ response
to therapy was assessed using the International Uniform Response
Criteria [2]. All patients had achieved a partial response (PR) or better
after ASCT. One or two BM slides from 94 MM patients and fresh/frozen
BM cells from 31 MM patients at diagnosis, as well as autografts/post-
ASCT BM cells from each patient, were obtained for DNA extraction [3].
The patients’ characteristics whose MRD were analyzed are shown
in supplementary Table S1, available at Annals of Oncology online.
Conventional G-banding for metaphase spreads of BM cells in 125
patients and fluorescence in situ hybridization (FISH) analysis of t(4;14),
t(14;16), and del(17p) for BM-derived interphase cells in 81 patients
were performed. The samples for MRD analysis were obtained from
autograft and BM cells after post-ASCT day 24 to 2808 (median day 372)
when the best response [at least very good partial response (VGPR)] was
achieved. All patients were treated on institutional review board-
approved protocols or standard treatment protocols and gave consent in
accordance with the Declaration of Helsinki. This study was approved by
the institutional review board of Kanazawa University Graduate School
of Medical Science.

MRD detection by NGS

We performed NGS to detect MRD in autograft and BM cells as previ-
ously described (Adaptive Biotechnologies Corp, Seattle, WA) [4].
Because the sensitivity level is limited by DNA input [4] and more DNA
could be extracted from the autograft than BM, the thresholds of MRD in
autograft and BM were 1x 1077 and 1 x 107, respectively. DNA of
median 103 pg (range 59-288 ug) of autograft and that of median 19 pg
(range 6-36 11g) of BM were used and the average number of reads per in-
put template DNA of 49 in autograft and that of 16 in BM were analyzed
by NGS to reach the 1077 and 107 threshold, respectively. We used
~2ml-BM sample and 2-6 ml combined aliquot sample of autografts
that were used for ASCT. In cases in which two or more tumor clones
existed, the clone with the highest MRD value was reported.

MRD detection by ASO-PCR

We also performed MRD detection in autograft and BM cells using
IGH-based ASO-PCR using TagMan technology as described previously
[5]. We used 0.6 pig DNA for all analyzed samples and the sensitivity was
107%-107°.
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Statistical analysis

Categorical variables were analyzed using Fisher’s exact test. The con-
cordance was analyzed in log space using the Pearson coefficient test.
Progression-free survival (PFS) was defined as survival from ASCT until
disease progression [2] or death from any cause. The PFS and overall sur-
vival (OS) were calculated from the time of ASCT until the date of death,
by any cause, or the date of last contact. Because the sampling time of BM
was based on the best response (at least VGPR), we also analyzed PFS and
OS from the MRD assessment timepoint. Survival curves were plotted ac-
cording to the Kaplan—-Meier method, and the log-rank test was used for
comparisons among the groups. A multivariate analysis was conducted
by Cox proportional hazard with Firth’s penalized (partial) likelihood
and was used to calculate the hazard ratios (HR) for each variable along
with the 95% confidence interval (CI) [6]. All statistical analyses were
performed using the EZR software package (Saitama Medical Center/
Jichi Medical University, Saitama, Japan) [7]. Pvalues of <0.05 were con-
sidered significant in all analyses.

Results

Clonality assessment of B-cell receptor
rearrangements in diagnostic BM samples (see also
supplementary results, available at Annals of
Oncology online)

We first assessed diagnostic samples from 125 patients with MM
for clonal sequences at the IgH-VD], IgH-DJ, and IgK loci using
the NGS-based assay. The specific samples that were assessed for
high-frequency MM clonal sequences included 31 fresh/frozen
BM cells, 84 BM aspirate smear slide samples, 8 BM non-
decalcified clot samples, and 2 decalcified BM biopsy samples. Of
the 94 BM clot/smear slide/biopsy samples, 4 samples did not
contain sufficient DNA (<15ng). At least one clonal sequence
was detected in 31/31 (100%) fresh/frozen BM samples and 82/90
(91%) BM clot/smear slide/biopsy samples resulting in an overall
clone identification rate of 113/125 (90%). To assess MRD, auto-
grafts for ASCT were available in 101/113 (89%) patients and BM
cells post-ASCT were available in 51/113 (45%) patients. We also
assessed IgH clonality for ASO-PCR in a subset of patients.
Clonotype-specific IgH PCR primers were prepared in 53/82
(65%) and 22/31 (71%) cases using BM smear/decalcified BM
biopsy slides and fresh/frozen BM cells respectively resulting in
75/113 (66%) due to the low success rate of patient specific
primer design for ASO-PCR (supplementary Figure S1, available
at Annals of Oncology online).

Prognostic value of MRD in post-ASCT BM samples

We assessed post-ASCT BM cells in 51 patients using NGS-based
MRD assessment. MRDNS(—) (MRD negative by NGS) (defined
as <107°) in post-ASCT BM cases (1= 26) showed a significantly
better PES (P=0.0004) and OS (P=0.04) than MRD™%(+)
post-ASCT BM cases (n=25) (Figure 1A and B). Three
MRDNS(—) cases who received VAD (vincristine, doxorubicin,
and dexamethasone) induction regimen also showed 100% PFS
at median follow-up of 114 months (range 103-122). When re-
stricting the analysis to the 39 CR cases, patients who were
MRDNS(—) (n=24) showed a significantly better PFS than
those that were MRDN“*(+) (n=15) (P=0.02, Figure 1C).
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Figure 1. Prognostic value of MRD in post-ASCT BM samples for patients with multiple myeloma according to MRD level as determined by
deep sequencing (threshold: 107°). (A) PFS for all patients, (B) OS for all patients, and (C) PFS for patients achieving conventional CR from
ASCT. (D) PFS for all patients, (E) OS for all patients, and (F) PFS for patients achieving conventional CR from BM MRD assessment.

However, only 1 death occurred in the 39 CR cases, and therefore
no significant OS difference was observed. Because the samples
for MRD analysis were obtained from BM cells post-ASCT when
the best response was achieved (at least VGPR), we also analyzed
PFS and OS from the MRD assessment timepoint. The results
showed a similar pattern (Figure 1D-F).

Correlation between MRD levels in BM and
autograft samples

A subset of patients undergoing ASCT (n = 39) had both BM cells
and autograft samples available for MRD assessment. Using the
NGS-based technique, we studied whether the quantitative MRD
levels in the autograft sample correlates with MRD levels in the
BM post-ASCT sample from the same patient. We found a correl-
ation (r=0.50, P=10.022) between the two levels with most dis-
crepancies being positive in the autograft and negative in the BM
sample (supplementary Figure S2, available at Annals of Oncology
online) suggesting that the post-ASCT therapy induced MRD
negativity in the BM even after the MRD positive autograft was
transplanted and another possibilities are the higher sensitivity of
MRD evaluation in autograft when compared with that obtained
in BM and the non-uniform nature of disease within the BM.

Prognostic value of MRD in autograft samples

We then evaluated the association of clinical outcome with
autograft MRD assessment using the NGS-based platform.

Among the 43 patients who did not receive post-ASCT treatment,
patients with NGS-based MRD negativity [MRDNSS(—)]
(defined as <1077) in the autograft (n=10) had a significantly
better PFS (P=0.002, Figure 2A) and tended to be better OS
(P=0.09, Figure 2B) than those who were MRD positive
(n=133), with prognosis clearly stratified by the quantitative level
of MRD (Figure 2C and D). MRD assessment from the 58 pa-
tients who did receive post ASCT treatment using novel agents
tended to show a similar pattern (Figure 2E and F). The pre-
ASCT responses of 19 patients with MRDN®(—) in the autograft
were 3 CR (16%), 10 VGPR (53%) and 6 PR (32%), whereas the
79 patients with MRDNYS(+) in the autograft were 6 CR (8%), 27
VGPR (34%), 35 PR (44%), 1 SD (1%), and 10 NA (not assessed)
(13%). In the autograft, there was no significant difference in the
CR rate between MRD™“S(—) and MRDN®(+) patients.

Clinical outcomes associated with MRD-directed
post-ASCT treatment

We then studied whether there is evidence that post-ASCT
treatment alters clinical outcomes in patients whose autografts
were MRD positive by NGS. There were no significant differences
between the treated and untreated populations in terms of age,
gender, ISS, pre-ASCT response, high-risk chromosomal abnor-
malities (HRCA), and MRD level (median, range) (data not
shown). The NGS-based MRD positive patients who received
post-ASCT treatment (n=49) had a significantly better PFS
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Figure 2. Correlation between NGS-based MRD assessment in autografts and clinical outcome. (A) PFS and (B) OS of the 43 patients who
did not receive post-ASCT treatment, according to MRD negativity in the autograft as determined by deep sequencing (threshold: 1077).
(Q) PFS of series stratified according to different MRD levels <10~ versus 10~7 to 107> versus 10> to 10~ versus 10~ *<. (D) OS of series
stratified according to different MRD levels <1077 versus 10~ to 107 versus 107> to 107 versus 10™“<. (E) PFS and (F) OS among the 58

patients who did receive post-ASCT treatment, according to MRD negativity in the autograft as determined by deep sequencing (threshold:
107).
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Figure 3. Clinical outcomes associated with MRD-directed post-ASCT treatment. (A) PFS and (B) OS of the patients whose autografts were

MRD positive by NGS according to post-ASCT treatment.

(P=0.001, Figure 3A) and tended to have a better OS (P=0.214,
Figure 3B) than those that were untreated (1= 33).

Prognostic significance of low level MRD detected
by NGS and undetectable by ASO-PCR

We next compared MRD results in 68 autografts and 25 BM sam-
ples assessed by the two MRD assessment methodologies: NGS
and ASO-PCR. Thirty-five samples were positive by NGS and
negative by ASO-PCR, which is consistent with the higher sensi-
tivity afforded by the NGS platform (10~° or better) compared
with ASO-PCR (10" *-10">). We observed a high correlation
between NGS and PCR MRD results at MRD levels of 10> or
higher (r=10.618, P=0.005) (supplementary Figure S3A, avail-
able at Annals of Oncology online).

We then investigated whether patients whose autografts are
MRDN®®(4-) and MRD**°(—) (MRD negative by ASO-PCR)
have different prognosis from those whose autografts were
MRDYNSS(—). We compared PES in 7 MRDNS(—) autograft
cases (group 1) with the 11 MRDNSS(4) autograft cases where
MRD was not detected by ASO-PCR (group 2). The patients in
both groups did not receive any post-ASCT therapy. Group 1
showed significantly a better PES than group 2 (P=0.018, supple-
mentary Figure S3B, available at Annals of Oncology online),
but there was no difference in OS between the two groups
(both 100%).

We compared PFS in 12 MRDY“(—) in BM post-ASCT
(group 3) with the 7 MRDNSS(+) in BM post-ASCT where MRD
was not detected by ASO-PCR [MRD*5(—)] (group 4). Group
3 showed significantly a better PFS than group 4 (supplementary
Figure S3C and D, available at Annals of Oncology online), but no
difference in OS (both 100%).

Influence of HRCA on prognosis of MM

Presence of HRCA was assessed in 78 cases, and 28 of 78 (36%)
showed HRCA. Specifically, we observed t(4;14) in 17, t(14;16) in
3, del17p in 9 by FISH, t(4;14) and del17p in 1. The cases with
HRCA tended to show shorter PES (P=0.09, Figure 4A) and

significantly shorter OS (P=0.005, Figure 4B) compared with
those without HRCA. HRCA cases achieved MRD negativity in
BM post-ASCT in 5 of 17 (30%) and 2 of 24 (8%) in autografts by
NGS. One of three del17p cases achieved MRD negativity in BM
post-ASCT by NGS, and no dell7p cases (n=6) among HRCA
cases achieved MRD negativity in autograft by NGS. On the other
hand, non-HRCA cases achieved MRD negativity in BM post-
ASCT in 20 of 30 (67%) and 11 of 42 (26%) in autograft. The
MRD negativity rate in post-ASCT BM of the non-HRCA cases
was significantly higher than that of the HRCA cases (P=0.02).
When we analyzed PFS and OS according to HRCA and the nega-
tivity of post-ASCT BM/autograft MRD, MRD negative cases
showed better PFS and OS than MRD positive cases (P=0.001,
Figure 4C; P=10.03, Figure 4D; P=0.13, Figure 4E; P=0.10,
Figure 4F). HRCA cases attaining MRD negativity showed similar
PES and OS to MRD-negative non-HRCA cases (Figure 4C-F).

Multivariate analysis of prognostic factors

Multivariate analysis was performed using established prognostic
factors in addition to MRD negativity in autografts by NGS [data
available in 101/113 (89%)]. In a multivariate analysis, the factors
that were independently associated with superior PFS were post-
ASCT therapy using novel agents (HR=10.32, P=0.002) and
MRD negativity in autografts by NGS (HR=0.17, P=0.002;
supplementary Table S2, available at Annals of Oncology online).
Additionally, MRD negativity in autografts by NGS tended to
show a better OS (HR =0.14, P=0.074; supplementary Table S3,
available at Annals of Oncology online).

Discussion

In this study, we investigated the prognostic value of MRD assess-
ment in autograft and post-ASCT BM in MM patients using an
NGS-based method. Previous studies in different lymphoid neo-
plasms have reported a sensitivity difference between the various
techniques, with NGS-based methods demonstrating 1-2 logs
greater sensitivity compared to flow cytometry and ASO-PCR,
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respectively [4, 8—12]. Our results support and further expand on
these previous findings. In this study, we noted that the subset of
post-ASCT BM samples that were negative by NGS-based method
had significantly better PFS compared with the low level MRD posi-
tive group, which had undetectable MRD by ASO-PCR (P= 0.001).
These results underscore the prognostic relevance of MRD assess-
ment using the higher sensitivity NGS-based approach. Although
MEFC has advantages such as a fast (within a few hours) MRD result
acquisition and relatively low cost [11, 13, 14], the main drawbacks
are the need for expertise to perform MFC, and standardization of
the MFC method [15], which is currently being developed by the
EuroFlow Consortium [13].

When combining analysis of MRD in BM samples post-ASCT
with HRCA, we noted that HRCA cases had lower MRD negativ-
ity than non-HRCA cases. However, the HRCA MRD negative
cases had the same good prognosis as their MRD negative non-
HRCA counterparts cases (Figure 4C—F). This result is consistent
with the recent report in which MFC was used for MRD analysis
[14]. These results reflect that better therapies can bring more
patients into MRD negativity and the impact of myeloma biology
may be less important than MRD status.

The association between MRD status and clinical outcome pre-
sented here may reflect that the presence of MRD positivity
means there are contaminating myeloma cells in the product that
will be infused back into the patient. Alternatively, the presence
of MRD in the autograft can simply indicate that a substantial
number of myeloma cells remain in the patient’s body and the
homogenous nature of the mobilized autograft relative to the
focal nature of myeloma in BM might provide a better sample to
assess MRD. The contamination hypothesis may be in contradic-
tion with previous results [16]. Stewart et al. conducted a phase
[T randomized trial to study whether enrichment of CD34"
autograft cells and purging of malignant plasma cells would affect
PES and OS in a cohort of MM patients receiving autografts.
Despite the significant reduction of myeloma cell contamination
in the autograft (median 3.1 logs), no improvement was observed
in either PFS or OS. However, the utilization of much more ef-
fective treatments in this study compared to the previous report
precludes definitive conclusion as to the cause of the association
between the autograft MRD positivity and clinical outcome.

We investigated whether there was evidence that post-ASCT
treatment alters clinical outcomes in patients whose autografts
were MRD positive by NGS. NGS-based MRD positive patients
who received post-ASCT treatment had a significantly better PES
(P=0.001) than those that were untreated. Conversely, patients
whose autografts were MRD negative by NGS had 92% PFS and
100% OS at 4 years post-ASCT. According to our data, it might
be appropriate for the patients who achieve MRD 10~° negative
status to be under careful observation and for the patients who
do not achieve MRD 10~ ° negativity to receive immediate high-
dose melphalan-ASCT followed by maintenance or modern com-
bination therapy such as carfilzomib, lenalidomide and dexa-
methasone until the achievement of MRD 10~ °. MRD-directed
treatment strategies will define the depth of response required for
sustained benefit and avoid overtreatment of those who have
achieved maximal benefit [17].

The major limitations of this study are relatively small sample
size and retrospective nature with lack of uniform therapy. As
most studies that have evaluated the prognostic value of MRD in

patients with MM were small and varied in terms of patient
population, treatment, and MRD assessment, two meta-analyses
were recently completed [18, 19]. Both analyses showed that
MRD negativity was associated with better PFS and OS despite of
the difference of the patient population and treatment suggesting
that MRD negativity is a strong predictor of clinical outcomes.

In conclusion, low level MRD detected by NGS-based plat-
form, but not ASO-PCR, has significant prognostic value when
assessing either the autograft product or BM cells post-ASCT.
The findings in this article, particularly regarding the significance
of MRD negativity in autograft, should be confirmed in prospect-
ive studies.
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