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Key Points

• Patients with high-risk
smoldering myeloma
treated with 3-drug
combinations have
deep and durable
responses with 63%
MRD negativity.

•Baseline mutations in
high-risk smoldering
myeloma and newly
diagnosed myeloma
are different, which
suggests treatment-
responsive biology.

Early results of a prospective phase 2 clinical trial of carfilzomib, lenalidomide, and

dexamethasone followed by lenalidomide maintenance in high-risk smoldering myeloma

showed promising results that were previously published. Here, we provide novel insights

into the genetic landscape of high-risk smoldering myeloma and information on sustained

minimal residual disease (MRD) negativity with an expanded cohort of patients. Eighteen

patients with high-risk smoldering myeloma were enrolled between 29 May 2012, and

14 January 2014.We included patients with newly diagnosedmultiplemyeloma enrolled in a

parallel trial who received the same therapy (reference group). The overall response rate

was 100%. With median potential follow-up of 43.3 months, 10 (63%) remain in MRD

negativity, and the estimated 4-year progression-free and overall survival rates are 71%

and 100%, respectively. Importantly, we report differences in mutational patterns in

patients with high-risk smoldering myeloma and newly diagnosed multiple myeloma,

reflected in a lower frequency of mutations in significant myeloma genes (6.6% vs 45%)

and NFKB pathway genes (6.6% vs 25%). Treatment with carfilzomib, lenalidomide, and

dexamethasone followed by lenalidomide maintenance was associated with a 100%

response rate and 63% MRD negativity with a safety profile consistent with previous

reports for this regimen. This study had a small numbers of participants, but there

seemed to be important differences in the genetic landscape of patients with high-risk

smoldering myeloma and those with newly diagnosed multiple myeloma, suggestive of a

more treatment-responsive biology in early disease.

Introduction

Multiple myeloma (MM) is a plasma cell neoplasm and the second most common hematologic
malignancy in adults.1 Large, independent studies have shown that the genetic and molecular landscape
underlying MM pathogenesis is massively heterogeneous and includes several recurrent mutations in
KRAS,NRAS, TP53, and other genes.2-4 However, no single mutation is seen in all or most patients with
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MM. Prospective studies have demonstrated that MM is consis-
tently preceded by a precursor state, that is, monoclonal
gammopathy of undetermined significance and smoldering
myeloma.5,6 Smoldering myeloma is an earlier, asymptomatic stage
of myeloma and is defined on the basis of clinical and laboratory
characteristics. It carries an increased risk of progression to MM.7

Prior studies have suggested that a subset of patients with
smoldering myeloma have a particularly high risk of developing MM,
with a median time to progression of ,2 years.8-10 The standard
management of patients with high-risk smoldering myeloma is
close clinical follow-up and initiation of treatment only when
myeloma-defining end organ damage is observed.11 With the
introduction of novel antimyeloma therapies with high efficacy and
acceptable safety profiles, there is increasing interest in treatment
trials that focus on high-risk smoldering myeloma.7 A recent
randomized clinical trial by the Spanish Programa para el
Tratamiento de Hemopatı́as Malignas (PETHEMA) myeloma group
demonstrated improved time to progression to overt myeloma and
overall survival (OS) with early initiation of lenalidomide and
dexamethasone therapy compared with patients managed with
standard observation.12,13 Despite the increasing interest in
treatment studies that focus on high-risk smoldering myeloma,
only limited information is available regarding the genetic profiles
for this disease, but preliminary studies have suggested compa-
rable mutational load and copy number profiles of myeloma cells in
patients with either smoldering myeloma or MM.14,15

We previously reported results from 2 prospective studies that
included patients with either high-risk smoldering myeloma or newly
diagnosed MM.16 In both cohorts, all patients were treated uniformly
with 8 cycles of combination therapy that included carfilzomib,
lenalidomide, and dexamethasone (KRd) followed by 2 years of
lenalidomide maintenance (KRd-R).

Here, we expand on our early results16 by enrolling additional
patients with high-risk smoldering myeloma and capturing a longer
median follow-up of almost 4 years. Our promising early results of
high overall response rate and minimal residual disease (MRD)
negativity among patients with high-risk smoldering myeloma who
were treated with modern KRd-R combination therapy16 prompted
us to prospectively investigate the baseline genetic landscape and
patterns of mutations in our cohort of patients. As a reference
group, we included 40 patients with newly diagnosed MM who
received the same KRd-R therapy.16 Here we describe, to the best
of our knowledge for the first time, differences in patterns of
mutations in patients with high-risk smoldering myeloma and newly
diagnosed MM by using prospectively enrolled patients treated on
clinical trials.

Methods

Study participants, treatment, and oversight

The details of the trial design and eligibility were published
previously.16 Briefly, patients with high-risk smoldering myeloma or
newly diagnosed MM were enrolled on 2 studies (NCT01402284
and NCT01572480). Smoldering myeloma was defined on the basis
of International MyelomaWorking Group (IMWG) 2003 guidelines17

and high risk of progression was determined on the basis of the Mayo
Clinic risk models (serum monoclonal protein$3 g/dL, bone marrow
plasma cell infiltration $10%, and abnormal serum free light chain
ratio ,0.125 or .8.0)8 and/or Spanish PETHEMA risk models

($95% plasma cells with an abnormal immunophenotype by
multicolor flow cytometry and evidence of serum immunoparesis).9

All patients were treated uniformly with eight 28-day cycles of
combination therapy. Carfilzomib was administered as a 30-minute
intravenous infusion on days 1, 2, 8, 9, 15, and 16 (starting dose of
20 mg/m2 on days 1 and 2 of cycle 1 and 36 mg/m2 thereafter),
lenalidomide was administered orally on days 1 to 21 at a dose of
25 mg per day (not administered on day 1 of cycle 1), and
dexamethasone was administered orally or intravenously on days 1, 2,
8, 9, 15, 16, 22, and 23 (20 mg for cycles 1-4 and 10 mg for cycles
5-8; dexamethasone was not administered on day 1 of cycle 1). All
patients received lenalidomide maintenance for 2 years after
completing 8 cycles of combination therapy. We obtained base-
line bone marrow biopsy samples from patients enrolled in the
2 prospective clinical trials). The primary objective for the smoldering
myeloma trial was response rate (very good partial response or
better); secondary objectives were progression-free survival (PFS)
and response duration,18 which were assessed after every cycle of
induction and every 90 days during maintenance. Correlative studies
including assessment of MRD status by multicolor flow cytometry
(bone marrow aspirate; 1025 sensitivity) were performed when
patients achieved a complete response (CR) or after 8 cycles of
induction and 1 or 2 years of maintenance lenalidomide.16 For
patients who did not achieve a CR, MRD assessment was performed
at the specified time points (end of induction and after 1 or 2 years of
lenalidomide maintenance). The studies were approved by the
Institutional Review Board at the National Cancer Institute, and all
participants provided written informed consent.

Genetic studies and bioinformatic analysis

Genetic studies were performed on baseline bone marrow aspirates
from which plasma cells were enriched by using Miltenyi anti-CD138
microbeads with MACS Manual Cell Separation. Enriched cells were
stored at 280°C in Buffer RLT, and DNA and RNA were isolated by
using the Qiagen AllPrep DNA/RNA Mini or Micro kits, depending on
the number of cells. Genomic libraries were constructed on an Agilent
Bravo Liquid Handling platform using a Translational Genomics
Research Institute (TGen)–developed protocol for the KAPA
Hyper Prep Kit optimized for 200-ng double-stranded DNA input
with a 1:100 insert-to-adaptor ratio of a custom synthesized Illumina
paired-end sequencing compatible adaptor. Exome enrichment was
performed on 750 ng of each library using the Agilent SureSelect
Human All Exon V6 kit with liquid handling protocols provided by
Agilent; the only modification was the use of KAPA HiFi DNA
polymerase for postcapture amplification. The enriched libraries were
pooled and sequenced on Illumina HiSequation 2500 sequencers
resulting in a median target coverage of 1253 (range, 105-1853)
after deduplication and quality control.

A tumor-only analysis was conducted by using the TGen Jetstream
pipeline. Raw sequencing data were converted to FASTQ files by
using bcl2fastq v1.8.4. The paired-end fastq files were aligned to
the GRCh37 reference genome, hs37d5 version, from the 1000
Genomes Project by using the mem module of BWA v0.7.8 and
SAMTOOLS v0.1.19 to produce BAM files. After alignment, the
base quality scores were recalibrated and joint indel realignment
was performed on the BAM files using GATK v3.1-1. Duplicate read
pairs were marked using PICARD v1.111. These final BAM files were
then used to identify potential somatic events using a comparative
analysis against a common control sample, an identically processed
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NA12878 sample. DNA copy number abnormalities were identified
by using tCoNuT (github.com/tgen/tCoNuT) followed by filtering of
constitutional copy number variants found in NA12878 and the gold
standard variants from the Database of Genomic Variants. Potential
somatic single nucleotide variants and indels were identified by using
3 different somatic variant callers (SEURAT v2.6, STRELKA v1.0.13,
and MUTECT v1.1.4) followed by filtering that required the
sequencing depth at the position in question to be greater than 10
and the alternate allele ratio to be greater than 5%. Variants were
removed and assumed to be constitutional variants if a matching
variant with an allele count of 10 or more was reported in Single
Nucleotide Polymorphism Database (dbSNP), 1000 Genomes
Project, National Heart, Lung, and Blood Institute, or the Exome
Aggregation Consortium (ExAC) databases. The remaining variants
detected by at least two callers were further filtered to keep only
those variants that were previously identified in the Catalogue of
Somatic Mutations in Cancer (COSMIC) or that existed in a white list
of cancer genes or were not observed in the aforementioned
constitutional databases or an internal TGen database. These final
variants were annotated by using snpEFF v4.2 with ensembl version
74 gene models.

Results

Between May 29, 2012, and January 14, 2014, 18 patients with high-
risk smoldering myeloma were enrolled in the study (NCT01572480).
Baseline demographics and disease characteristics are outlined in
Table 1. Fifteen of the 18 patients had evaluable baseline bone marrow
aspirate samples and were included in this analysis. As a reference
group, we included bone marrow aspirate samples from 40 evaluable
patients with newly diagnosed MM who were enrolled in a clinical trial
with a similar treatment schedule (NCT01402284). Per the study
protocols, bone marrow biopsies were obtained before treatment and
after 1 single dose of carfilzomib. In this study, 29 patients had bone
marrow aspirates collected before any treatment, and 27 had samples
collected after 1 dose of carfilzomib because samples from day 1 were
unavailable. To ensure the accuracy of the data, we performed whole-
exome sequencing of paired samples collected before and after a single
dose of carfilzomib for 4 patients, and the results were highly concordant
(copy number estimate concordance range, 95.0%-99.6%; mutant
allele frequency correlation range, 0.91-0.97).

Efficacy

The cutoff date for this analysis wasOctober 20, 2016, and themedian
potential follow-up (median of intervals from on-study date until the
analysis cutoff date) was 43.3 months. Per the clinical trial protocol,
treatment response was assessed according to the International
Myeloma Workshop consensus panel19 with the addition of near
complete response20 (Table 2).

Table 2 provides the best overall responses (ie, the best response for
an individual patient at any time point during follow-up) and landmark
analysis responses (ie, at the end of combination therapy, after 1 or 2
years of lenalidomide maintenance). The best response rates were as
follows: all 18 patients (100%) obtained a partial response or better,
and 16 of 18 patients obtained a CR or a stringent CR. MRD
assessment was performed by using multicolor flow cytometry (bone
marrow aspirate; 1025 sensitivity), and 15 of the 18 patients had
attained MRD negativity or CR as best response.

In the landmark analysis responses, we found that after completing
the combination therapy and at the end of 2 years of lenalidomide

maintenance, all 18 patients (100%) had at least a partial response,
including 16 patients (89%) with a CR or stringent CR. Ten (63%)
of 16 patients obtained an MRD-negative CR after 2 years of
maintenance therapy (Table 2). By Kaplan-Meier analyses beginning
at the on-study date, the estimated 36- and 48-month PFS rates for
the intention-to-treat population (n 5 18) were 94.1% (95%
confidence interval, 65.0%-99.2%) and 70.6% (95% confidence
interval, 16.0%-93.6%), respectively, and the estimated OS at
36 and 48 months was 100% (Figure 1A-B). If the revised IMWG
2014 criteria had been used at study enrollment, 1 of the 2 patients
would have been classified as having MM.11

Table 1. Baseline demographic and disease characteristics

Baseline characteristic

High-risk smoldering

myeloma (n 5 18)

No. %

Median age, y (range) 59 (40-73)

Sex

Male 9 50

Female 9 50

Race

White 14 89

African American 4 11

Risk of progression

Mayo Clinic risk model*

High 3 17

Low/intermediate 15 83

Spanish PETHEMA risk model†

High 16 89

Low/intermediate 2 11

MM by the 2014 IMWG criteria11 6 33

Heavy chain isotype

IgG 16 89

IgA 1 5.5

Light chain 1 5.5

Light chain isotype

k 13 72

L 5 28

FISH/cytogenetics

13q14 deletion 4 22

17p13.1 deletion 1 6

IgH translocation 4 22

Median serum monoclonal protein, g/dL (range) 1.9 (1.0-5.3)

Bone marrow plasma cell infiltration

Median, % (range) 30 (12.5-65)

10-60 12 67

.60 6 33

FISH, fluorescent in situ hybridization; Ig, immunoglobulin.
*High-risk features include bone marrow plasma cell infiltration .10%, serum monoclonal

protein .3 g/dL, and free light chain ratio .8 or ,0.125.
†High-risk features include 95% or more plasma cells with abnormal immunophenotype

by flow cytometry and serum immunoparesis.
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Safety

All 18 patients were evaluated for adverse events, and there were
no grade 5 adverse events. The adverse event profile was reported
previously.16 Grade 3 to 4 adverse events occurring in .1 patient
included lymphopenia (39%), neutropenia (28%), anemia (22%),
diarrhea (17%), lung infection (17%), hypophosphatemia (11%),
and thromboembolic event (11%). Serious adverse events included
pulmonary infection in 2 patients (11%) and congestive heart failure
in 1 patient (5.5%). Two patients discontinued therapy because of
adverse events: 1 patient developed congestive heart failure after
6 cycles of combination therapy (assessed as being likely related
to carfilzomib), and the other patient discontinued treatment after
9 months of lenalidomide maintenance because of grade 3 diarrhea
and grade 2 rash (assessed as being likely related to lenalidomide).

Genetic landscape and baseline mutational patterns

in high-risk smoldering myeloma

The unprecedented clinical efficacy of early treatment of high-risk
smoldering myeloma with combination therapy prompted us to
investigate the baseline genetic landscape and patterns of mutations

in patients with that disease. There were 18 patients in the study; 15
had sufficient DNA for the mutational analysis, and 13 samples
passed the quality control for copy number analysis. We included 40
patients with newly diagnosed MM who received similar therapies as
a control group.

Copy number analysis and nonsynonymous mutations in
high-risk smoldering myeloma and newly diagnosed MM.
As a first step, we conducted copy number analysis of CD138-sorted
bone marrow aspirate samples. Patients with either high-risk
smoldering myeloma or newly diagnosed MM showed copy number
deletions and gains typical of abnormal plasma cells, which confirmed
the high purity of samples (Figure 2).

We then assessed the median number of nonsynonymous mutations
in patients with either smoldering myeloma or newly diagnosed MM,
and the results were comparable with 34 (interquartile range, 30-58)
and 40 (interquartile range, 28-54) nonsynonymous single nucleotide
variants per patient, respectively (Figure 3).

Mutations in significantly mutated genes in high-risk
smoldering myeloma and newly diagnosed MM. Next we
assessed the frequency of nonsynonymous mutations in previously
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Figure 1. Clinical outcomes in patients with high-risk smoldering myeloma after 8 cycles of KRd and 2 years of lenalidomide maintenance. Estimated (A) PFS and (B) OS.

Table 2. Treatment responses after induction therapy and completion of 1 or 2 years of lenalidomide maintenance

Response

Best response

End of induction

therapy (8 cycles of

KRd therapy)

After completion of 1

year of maintenance*

After completion of 2

years of maintenance*

n/N % n/N % n/N % n/N %

ORR 18/18 100 18/18 100 18/18 100 18/18 100

$VGPR 18/18 100 18/18 100 18/18 100 18/18 100

nCR 1/18 6 6/18 33 1/18 6 1/18 6

sCR/CR 16/18 89 11/18 61 16/18 89 16/18 89

MRD-negative CR 15/18 83 10/18 56 10/16 63 10/16 63†

nCR, near complete response; n/N, number of patients achieving the response/number of patients assessed at the time point; ORR, overall response rate; sCR, stringent complete
response; VGPR, very good partial response.
*Lenalidomide maintenance: lenalidomide 10 mg once per day on days 1 to 21 on a 28-day cycle.
†One patient refused to have a bone marrow biopsy procedure and 1 patient withdrew from therapy but was MRD negative after 6 months of maintenance therapy.
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identified significantly mutated genes (Figure 4). Consistent with prior
studies, 18 (45%) of 40 patients with newly diagnosed MM had a
mutation in at least 1 of the 15 genes previously identified as
significantly mutated genes.2,4 Strikingly, only 1 (6.6%) of 15
patients with high-risk smoldering myeloma had a mutation in these
15 genes. That individual patient had.60% plasma cells and would be
considered to have MM on the basis of the revised IMWG 2014
criteria.11 As shown in Figure 4, that patient had mutations in both
FAM46C and TRAF3.

Mutations in genes associated with the NFKB pathway
in high-risk smoldering myeloma and newly diagnosed MM.
Prior studies have also demonstrated recurrent mutations in
signaling pathways in MM.2,21 These include the NFKB pathway,
coagulation cascade, and histone-modifying enzyme pathways
among others. Although differences in mutations between indi-
vidual genes in these pathways lack statistical significance,
multiple genes associated with the pathway were mutated in
MM patients, and they attained statistical significance in prior
studies.2-4

Given that both the classical and the alternative NFKB pathways
have been causally implicated in MM as potential targets for
proteasome inhibitors, we were interested in mutations in genes

associated with this pathway. Indeed, we identified these
mutations in 1 (6.6%) of 15 patients with smoldering myeloma
and 10 (25%) of 40 patients with newly diagnosed MM. We also
looked for mutation in the coagulation cascade and the histone-
modifying enzyme pathways; only 1 patient with newly diagnosed
MM had a mutation in a gene in the histone-modifying enzyme
pathway within this cohort.

Discussion

The introduction of highly effective antimyeloma therapies with accept-
able safety profiles has led to clinical trials that focus on the treatment of
patients with high-risk smoldering myeloma. Indeed, Mateos et al12

reported an improved time to progression and OS in patients with high-
risk smoldering myeloma who received lenalidomide and dexametha-
sone. Population studies have estimated that ;30% of all patients with
smoldering myeloma would be considered high risk and would be
considered as potential candidates for early initiation of treatment.22

On the basis of historical data and in the absence of active therapy,
patients with high-risk smoldering myeloma have a median time to
progression of ,2 years.8-10 Here, we report unprecedented 63%
sustained MRD negativity in patients with high-risk smoldering myeloma
after completion of 8 cycles of KRd combination therapy followed by

1

SMM

MM

2 4 6 8

-0.2-1.0 0.2 1.0

10 12 14 16 18 20 22
3 5 7 9 11 13 15 17 19 21 x

Figure 2. Copy number analysis in patients with either high-risk smoldering myeloma (SMM) or newly diagnosed MM. The 13 patients with SMM and the 40

patients with MM with copy number estimates that passed quality control requirements are shown.
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2 years of lenalidomide maintenance. Furthermore, on the basis of small
numbers of progression events (n 5 2), extended clinical follow-up
shows 3-year and 4-year PFS rates of 94% and 71%, respectively, and
a 4-year OS rate of 100%.

Although we noted deep and durable responses in patients with
either smoldering myeloma or newly diagnosed MM who were
treated with KRd-R compared with patients with newly diagnosed
MM, those with high-risk smoldering myeloma had a higher
frequency of CR (94% vs 64%) and MRD negativity (63% vs
46%). These results suggest possible differences in the biology of
earlier stages of the disease (ie, smoldering myeloma) compared
with that of newly diagnosed MM, which motivated us to assess
mutational patterns in patients with these diseases. Indeed, until
now, only limited information based on small series was available
regarding the genetic profiles of patients with high-risk smoldering
myeloma. Although our study had a small number of patients, the
strength of our data set is the genetic mutational analysis paired
with prospective clinical treatment response data. Prior studies
with small series of patients have reported comparable mutational
burden (ie, median number of mutations) in patients with
smoldering myeloma or MM.14,15 Here, we confirm these findings
in the context of two parallel prospective treatment studies that
used carfilzomib-based regimens to treat patients with high-risk
smoldering myeloma or newly diagnosed MM. Furthermore, we
show that even though the number of nonsynonymous mutations is
comparable between the 2 groups, there are important differences
in the patterns of mutations. Specifically, the frequency of
mutations in significantly mutated MM genes (6.6% vs 45%) and
genes associated with the NFKB pathway (6.6% vs 25%) are

lower in patients with high-risk smoldering myeloma compared with
those who have newly diagnosed MM. The biological underpin-
nings of these observations remain unknown. Although this is the
largest study to date to assess genetic profiles and clinical
outcomes in uniformly treated (using modern 3-drug combination
therapy) patients with high-risk smoldering myeloma enrolled on a
prospective clinical trial, the sample size precludes us from
providing definitive conclusions. Therefore, these results need to
be confirmed and expanded in future large data sets. Finally,
another perspective on our observed MRD rate of 63% in patients
with high-risk smoldering myeloma who were treated with KRd-R in
this study, is the parallel ;70% MRD negativity (1025) in patients
with newly diagnosed MM treated with bortezomib, lenalidomide,
and dexamethasone (RVd) followed by high-dose melphalan and
autologous stem cell transplantation (ASCT) and an additional
2 cycles of RVd followed by 1 year of lenalidomide maintenace.23

The clinical results from this study have prompted other investigators
to confirm and expand on the use of KRd-R therapy in high-risk
smoldering myeloma. For example, the Spanish PETHEMA myeloma
group is currently enrolling 90 patients with high-risk smoldering
myeloma on a single-arm phase 2 study that uses 6 cycles of KRd
followed by high-dose melphalan and ASCT and an additional 2
cycles of KRd followed by 2 years of lenalidomide maintenance.
Future studies will address the role of consolidative ASCT and other
important questions (eg, the addition of monoclonal antibodies, the
clinical value of improved MRD assays, and the impact of molecular
profiling on clinical outcomes).

In this study, we used the exact same DNA whole-exome sequencing
and statistical analysis as the Multiple Myeloma Research Foundation
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(MMRF) Compass study (n . 800).23 We have reviewed our data
extensively, and we feel confident that they are accurate for the
included 18 patients. Given the small sample size in our study and the
observed results, we were unable to conduct further statistical analysis.
Future larger studies are needed to improve our understanding of
these topics. Avenues to consider in larger studies include stratifica-
tions (using predefined cutoffs) by plasma cell percentage, cytogenetic
status, lactate dehydrogenase, and other factors.

In summary, our study shows that 63% of patients with high-risk
smoldering myeloma treated with KRd-R therapy had sustained MRD
negativity up to 4 years after starting therapy. Furthermore, for the first
time, we show that patients with high-risk smoldering myeloma have a
lower frequency of mutational burden in significantly mutated myeloma
genes with less likelihood of NFKB pathway mutation involvement.
When paired with clinical data, these observations support a more
treatment-responsive biology compared with patients who have newly
diagnosed MM.
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Figure 4. Frequency of mutations in significantly recurrent MM genes among patients with high-risk smoldering myeloma or newly diagnosed MM.

Professional illustration by Patrick Lane, ScEYEnce Studios.
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