
Abstract. Background/Aim: Carfilzomib, lenalidomide, and
dexamethasone (KRD) therapy is widely used for patients with
relapse/refractory multiple myeloma (RRMM). However, the
response in patients who underwent assessment for measurable
residual disease (MRD) has not been elucidated in a
prospective study. We aimed to clarify the response rate and
outcome of KRD therapy in patients in RRMM, including those
with MRD. Patients and Methods: Twenty-one consecutive
RRMM patients treated with KRD at 4 Japanese Centers
between September 2016 and October 2018 were enrolled and
assessed for MRD in the bone marrow (cut-off: 1×10–5) using
the EuroFlow-next-generation flow (NGF) method. Results:
The median number of therapy lines before KRD was 3

(range=1-6), and the median number of KRD cycles was 4
(range=1-22). As the best overall response post-KRD therapy,
52% (11/21) of patients achieved a MRD negative complete
response, 71% (15/21) achieved stringent complete response/
complete response, and 14% (3/21) achieved a very good
partial response. MRD negativity was achieved in 12 of 16
(75%) and 14 of 21 (67%) patients during and after KRD
treatment, respectively. The 2-year progression-free survival
and overall survival from the start of KRD therapy were 100%
and 100%, respectively, in MRD-positive cases and 88% and
100%, respectively, in MRD-negative cases (median follow-
up=1.8 years). Grade 3/4 toxicities were reported in 15
patients (71%), with thrombocytopenia being the most frequent
toxicity (6 patients, 29%). Conclusion: This is the first study
that prospectively assessed MRD of patients with RRMM after
KRD therapy. KRD treatment achieved a high MRD negativity
rate and good outcomes with manageable toxicities.

Multiple myeloma (MM) is an incurable hematological
malignancy, and obtaining a deep response is essential as it leads
to prolonged progression-free survival (PFS) and overall survival
(OS) (1). Methods for measuring measurable residual disease
(MRD), such as next-generation flow (NGF) and next-generation
sequencing (NGS), make it possible to stratify patients with
complete response (CR) based on MRD levels, and novel agents
increase the rate of CR and deeper responses (2-7).

Recently, a meta-analysis showed that MRD negativity
was associated with significantly improved survival
outcomes regardless of disease setting, MRD sensitivity
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thresholds, cytogenetic risk, method of MRD assessment,
and depth of clinical response at the time of MRD
measurement (1, 7).
Carfilzomib is a next-generation proteasome inhibitor (PI)
that functions as an irreversible inhibitor of the β5
chymotryptic subunit of the 20S proteasome. This new PI
showed superior outcomes in relapse/refractory multiple
myeloma (RRMM) patients in a head-to-head comparison
between carfilzomib plus dexamethasone and bortezomib
plus dexamethasone (8). Several phase 3 studies showed the
clinical efficacy of three-drug regimens containing
carfilzomib, such as carfilzomib plus lenalidomide plus
dexamethasone (KRD), carfilzomib plus dexamethasone plus
daratumumab, isatuximab plus pomalidomide plus
dexamethasone, and carfilzomib plus pomalidomide plus
dexamethasone for RRMM patients (5, 9-11). Though
several studies assessed MRD after KRD treatment in newly
diagnosed multiple myeloma (NDMM), to our knowledge,
no study assessing MRD after KRD therapy in patients with
RRMM has been conducted. Reports from patients with
NDMM showed that approximately 60% achieved complete
response (CR) or stringent CR and 56-62% achieved MRD
negativity by multiparameter flow cytometry (12-14).

We hypothesized that deep response could predict better
prognosis and, thus, we prospectively assessed the response
of RRMM treated with KRD by NGF. This is the first study
that prospectively assessed MRD of the patients with RRMM
after KRD therapy.

Patients and Methods
Study design and subjects. This multicenter, open-label, prospective
study was conducted at 4 Japanese Centers: the Kanazawa
University, the Keiju Kanazawa Hospital, the Hyogo Medical
University, and the Kameda Medical Center. Studies were
conducted between September 2016 and October 2018. Both
transplant-eligible and -ineligible patients with RRMM were
enrolled to assess the response. All patients received the physician’s
choice of induction therapy and were treated with KRD after the
diagnosis of RRMM. Patients with RRMM received KRD in 28-day
cycles until disease progression or unacceptable toxicity. MM
diagnosis was made according to the International Myeloma
Working Group (IMWG) criteria (15) and response to therapy was
assessed using the International Uniform Response Criteria (16).
Stringent CR was defined as CR with normal free light chain ratio
and absence of clonal cells in bone marrow (BM) biopsy by
immunohistochemistry. Flow MRD-negative was defined as an
MRD-negative status in a patient with CR. BM cells from 21
patients were analyzed using G-banding and FISH at diagnosis, and
t(4;14), t(14;16), and/or del(17p13) were defined as high-risk
chromosomal abnormalities by FISH. Adverse events (AEs) were
graded according to the National Cancer Institute Common
Terminology Criteria for Adverse Events version 5.0 (17). The study
protocol was approved by the local ethics committees of Kanazawa
University (No. 2016-125) and at each institute, and registered in
the public clinical trial database (UMIN 000027259).

KRD treatment. Carfilzomib was administered intravenously on
days 1, 2, 8, 9, 15, and 16. The dose was 20 mg/m2 for days 1 and
2 of cycle 1, and 27 mg/m2 thereafter. Lenalidomide was
administered orally at 25 mg on days 1 to 21 of each cycle, and
dexamethasone was administered orally or intravenously at 40 mg
on days 1, 8, 15, and 22 of each cycle. Dose modification was
permitted to manage toxicity.

Assessment of MRD. MRD was prospectively assessed in all patients
using the EuroFlow-NGF method after KRD treatment. As part of
routine clinical care, 2 ml of BM aspirate were collected and analyzed
at the Kanazawa University (Kanazawa, Japan). The details of
EuroFlow-NGF are described elsewhere (18). Briefly, the EuroFlow
method uses ammonium chloride-based bulk lysis, followed by surface
staining with antibodies against CD138-BV421, CD27-BV510, CD38
multi-epitope (ME)-FITC, CD56-PE, CD45-PerCP Cy5.5, CD19-
PECy7, CD117-APC, and CD81-APC-C750 in tube 1, and
surface/intracellular staining using antibodies against CD138-BV421,
CD27-BV510, CD38 ME-FITC, CD56-PE, CD45-PerCP Cy5.5, CD19-
PECy7, cytoplasmic (cy)Igĸ-APC, and cyIgλ-APC-C750 after
permeabilization in tube 2. An anti-CD38ME antibody was used to
prevent the interference of anti-CD38 monoclonal antibodies, such as
daratumumab. The FACSCanto™ II (BD Biosciences, Franklin Lakes,
NJ, USA) flow cytometer was used to measure all samples, and gating
and identification of clonal abnormal plasma cells were manually
performed by experts using the Infinicyt software (Cytognos,
Salamanca, Spain). The lower limit of MRD detection was set at 1×10–5.
Flow MRD-negativity was determined using the IMWG criteria
(patients with CR or better and with at least 10-5 MRD negativity).

Statistical analyses. Baseline characteristics were reported
descriptively, with continuous variables summarized as median and
range. Response to therapy was defined in “Study design and
subjects”. The estimated OS and PFS were reported using the
Kaplan-Meier method. All analyses were performed using GraphPad
Prism version 9.3.1 (San Diego, CA, USA).

Results

Patient characteristics. A total of 21 patients were enrolled,
and their responses were assessed between September 9, 2016,
and October 16, 2018. The median patient age was 66
(range=30-83) years at the start of KRD treatment, the M-
protein type was most commonly IgG in patients (71.4%), and
81.0% (17/21) of patients had International Staging System
stage I or II disease. A total of 19% (4/21) of patients showed
high-risk chromosomal abnormalities [del17p (n=3), t(14;16)
(n=1)]. The median number of therapy lines before KRD was
3 (range=1-6), and the median number of KRD cycles was 4
(range=1-22). The median number of therapy lines after KRD
was one (range=0-5) (Table I and Table II). The dose of KRD
was not reduced in any patient due to adverse effect, but one
patient (case 9) received an escalated dose of carfilzomib (36
mg/m2) from cycle 2 because of insufficient response (19) after
the approval of the Department of Hematology/Oncology at the
Kameda Medical Center. The MRD of 15 patients after KRD
treatment (median, 4 cycles) and 6 patients (cases 5, 7, 9, 10,
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16 and 21) after KRD therapy (median, 3 cycles) plus other
regimens were assessed using NGF (Figure 1). After assessing
the response to treatment, three patients (cases 2, 6, and 20)
did not receive any subsequent therapy, 4 patients (cases 9, 14,
19, and 21) received autologous stem cell transplantation
(ASCT), and 14 patients continued various treatments without
ASCT (Table II).

KRD response. The rate of CR or better before KRD treatment
was 9.5%, and the rate of a very good partial response (VGPR)
or better was 42.8% (Figure 2). Two cases (case 12 and case 13)
who had stringent CR before KRD therapy subsequently
received KRD therapy because both cases remained MRD
positive. Progressive disease (PD) and stable disease (SD) were
reported in 14.3% (3/21) and 14.3% (3/21) of patients,
respectively. The rate of CR or better after KRD therapy was
71.4% (15/21) and the rate of VGPR or better was 85.7%
(18/21). Notably, the overall response rate was 100% and there
was no PD or SD. The response was upgraded in 19 (90%)

patients and maintained in two partial response (PR) cases (10%)
after KRD treatment. After KRD therapy, MRD negativity was
achieved in 67% (14/21) of patients (Figure 1). As the best
overall response post-KRD treatment, 52% (11/21) of patients
achieved Flow MRD-negative. Three of the four patients (cases
2, 4, and 11) with high-risk cytogenetics achieved Flow MRD-
negative results after KRD treatment. Although one patient (case
9) remained PR status after KRD therapy, they achieved MRD
negativity with subsequent therapy.

Outcomes. After a median follow-up of 21.0 months
(range=5.0-30.0) post-KRD treatment, the estimated 2-year
PFS rate from the start of KRD treatment was 95% and the
2-year OS rate was 100% (Figure 3). Among the 7 patients
who were MRD-positive, the estimated 2-year PFS rate was
100%, and the 2-year OS rate was 100%. In contrast, the
estimated 2-year PFS rate was 93%, and the 2-year OS rate
was 100% among the 14 patients who were MRD-negative.
Of note, case 6, who achieved MRD negativity and received
no therapy, relapsed with bone-related extramedullary
disease (EMD) adjacent to the thoracic spine (Figure 1).

Safety and tolerability. Table III summarizes the incidence
of grade 3/4 AEs that occurred during KRD treatment.
Fifteen (71%) patients reported grade 3/4 AEs. Grade 3/4
non-hematologic AEs included hypertension (14%), elevated
liver function test results (14%), heart failure (5%),
pneumonia (5%), sepsis (5%), fatigue (5%), and peripheral
neuropathy (5%). Hematological grade 3/4 toxicities
included thrombocytopenia (29%), lymphopenia (14%), and
neutropenia (14%). Four grade 4 AEs were reported in two
patients, including neutropenia and thrombocytopenia in one
patient, and pneumonia and sepsis in the second patient. No
grade 5 AEs or treatment-related deaths were reported
throughout the treatment duration. Overall, KRD therapy was
well tolerated, and all patients received at least one cycle of
KRD with supportive measures.

Discussion

To the best of our knowledge, this is the first study to
evaluate the response, including MRD, after KRD treatment
in patients with RRMM. In this study, we demonstrated that
KRD therapy can induce deep responses in patients with
RRMM. Ninety percent of patients upgraded their response
after KRD treatment, and 11/21 (52%) of patients achieved
CR and MRD negativity (Flow MRD-negative). All patients,
except one who relapsed with extramedullary disease,
survived without progression during the follow-up period.
The 2-year PFS and OS rates were 95% and 100%,
respectively. Induction therapy with KRD and ASCT could
induce 58-89% MRD negativity in NDMM patients (14, 20,
21), and KRD treatment for NDMM without intent for
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Table I. Baseline characteristics.

                                                                                                    n (%)

Total no. of patients                                                                        21
Age, median (range)                                                                 66 (30-83)
Sex (male/female)                                                                          12/9
M protein type                                                                                   
  IgG                                                                                           15 (71.4)
  IgA                                                                                            3 (14.3)
  Light chain                                                                                3 (14.3)
Light chain type                                                                                
  Kappa/Lambda                                                                            14/7
ISS stage                                                                                            
  I                                                                                                11 (52.4)
  II                                                                                                6 (28.6)
  III                                                                                              4 (19.0)
Number of regimens before KRD, median (range)                   3 (1-6)
Prior therapies
  Bortezomib                                                                               21 (100)
  Lenalidomide                                                                           19 (90.5)
  Pomalidomide                                                                           3 (14.3)
  Corticosteroid                                                                         21 (100.0)
  Anthracycline                                                                            2 (9.5)
  Alkylating reagent                                                                   16 (76.2)
  Daratumumab                                                                            1 (4.8)
  Auto-SCT                                                                                12 (57.1)
Number of KRD, median (range)                                              4 (1-22)
Number of regimens after KRD, median (range)                      1 (0-5)
High-risk chromosomal abnormality* by FISH                        4 (19.0)
Chromosome by G-banding
  Normal karyotype                                                                   18 (85.7)
  Hyperdiploid                                                                              1 (4.8)
 Non-hyperdiploid†                                                                     2 (9.5)

KRD, Carfilzomib plus lenalidomide plus dexamethasone; SCT, Stem-
cell transplantation; *del(17p) (n=3), t(14;16) (n=1), †45,X,-Y (n=1),
46,XY,inv(9) (n=1).
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Figure 2. Response rates before and after KRD therapy. The response rate was assessed in patients with RRMM before and after KRD treatment.
Fifteen patients were assessed for response after KRD therapy (median 4 cycles), and 6 patients (cases 5, 7, 9, 10, 16, and 21) were assessed for
response after KRD treatment (median 3 cycles) and other regimens. KRD, Carfilzomib plus lenalidomide plus dexamethasone; ORR, overall
response rates; RRMM, relapse/refractory multiple myeloma.

Figure 1. Disease response and treatment status timelines. Each color bar shows the response after KRD treatment. Patients are grouped by their
MRD status. The lower limit of MRD detection was set at 1×10–5. KRD, Carfilzomib plus lenalidomide plus dexamethasone; MRD, measurable
residual disease; CA, chromosomal abnormality; CR, complete response; PD, progressive disease; PR, partial response; sCR, stringent complete
response; Tx, therapy; VGPR, very good partial response.



immediate ASCT achieved 10% MRD negativity (4).
Although no studies assessing MRD after KRD treatment in
the refractory and relapse settings have been reported, several
studies have reported that the rates of MRD negativity after
treatment were 13-46% in patients with RRMM (22-24).
Compared to these studies, the rate of MRD negativity was
higher in our cohort. This could be partially due to the
differences in the population and timing of KRD treatment.
The median number of prior regimens was three, and 57%
(12 of 21) of patients received ASCT before KRD therapy in
this study. In patients who received ASCT before KRD
therapy, the response assessment reflected the efficacy of both
ASCT and KRD therapies, which could lead to
overestimation of the better responses of KRD therapy. Most
MRD-negative patients (93%, 13 of 14) showed no
progression, but one patient relapsed with bone-related EMD
after acquiring MRD-negativity and no treatment. The patient
had skin lesions before KRD treatment. Paiva et al. reported
that an analysis of patients with NDMM-registered in the
PETHEMA/GEM2012MENOS65 trial showed that 7% of
patients experienced disease progression despite undetectable
MRD assessed by NGF. Most patients relapsed with
extraosseous plasmacytomas, which were already observed at
diagnosis (25). Because MRD assessment by NGF carries a
risk of false-negative results in the presence of EMD, imaging
studies, such as positron-emission tomography/computerized
tomography and whole-body magnetic resonance imaging
should be performed (25). All four patients who had high-risk
cytogenetic abnormalities obtained MRD negativity after
KRD treatment. Previous studies showed that the rate of
MRD negativity was lower in patients with high-risk

cytogenetics than in those with standard-risk cytogenetics;
however, there was no difference in PFS and OS after
acquiring MRD negativity (20, 26-28). However, whether
KRD therapy could overcome the risk of high-risk
cytogenetics is still controversial (14, 20). As shown for the
daratumumab-combination regimens in patients with RRMM,
the rates of patients who sustained MRD negativity for more
than 12 months were lower in the high-risk cytogenetic group
than in the standard-risk cytogenetic group (29), and this
study suggested that a short follow-up period could lead to
overestimation of the regimen when comparing the
effectiveness of the cytogenetic risks.

In this study, 15 patients (71%) reported grade 3/4 AEs
during KRD treatment. Major grade 3 non-hematological
toxicities were hypertension (14%) and elevated liver
function test (14%), and grade 3/4 thrombocytopenia (29%)
was the most frequently observed hematological toxicity. The
types of AEs were consistent with those previously reported
and the rates of AEs were less frequent (10, 19). The reason
for the low rates of grade 3/4 AEs could be the small number
of KRD cycles in this study.

Our study has several limitations. First, the MRD of six
patients (cases 5, 7, 9, 10, 16, and 21) was assessed after
KRD and other therapy regimens, which could lead to the
overestimation of KRD response. In fact, two patients (cases
9 and 10) received a daratumumab-containing regimen, and
one patient (case 21) received ASCT, both of which could
induce a high rate of undetectable MRD. Second, the median
follow-up period (21 months) was relatively short, and we
could not show a significant difference in outcomes between
MRD-positive and MRD-negative patients.
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Figure 3. Survival after KRD therapy. (A) Progression-free survival and (B) overall survival. Median follow-up: 21 months. KRD, Carfilzomib plus
lenalidomide plus dexamethasone.  



Novel drugs and combinations have made it possible to
achieve good responses and MRD negativity even in RRMM
(5, 11, 30, 31). In the CANDOR trial (Dara-KD vs. KD),
12.5% of patients with RRMM achieved Flow MRD-
negative status, and no patients progressed to disease during
the follow-up period. Similarly, 20% of patients with RRMM
who received isatuximab-KD achieved Flow MRD-negative
results in the IKEMA trial. This suggests that novel drugs
and their combinations have a great impact on MRD status
and outcomes in patients with RRMM.

In conclusion, these data suggest that KRD therapy has
the potential to induce deeper response and lead to good
outcomes, even in patients with RRMM. KRD treatment
also demonstrated favorable tolerability and safety profiles.
Further studies are needed to confirm the long-term efficacy
and safety of KRD therapy in RRMM patients.
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Table III. Grade 3/4 adverse events.

                                                                                    n (%)

Nonhematologic                                                               
  Hypertension                                                             3 (14)
  Elevated liver function test                                      3 (14)
  Heart failure                                                               1 (5)
  Pneumonia                                                                 1 (5)
  Sepsis                                                                         1 (5)
  Fatigue                                                                        1 (5)
  Peripheral neuropathy                                               1 (5)
Hematologic                                                                     
  Thrombocytopenia                                                    6 (29)
  Lymphopenia                                                            3 (14)
  Neutropenia                                                               3 (14)

Table II. Cycles of KRD therapy before NGF.

Case                                     Regimen before                                         Cycles of KRD and                            Regimen after                           Total cycle 
                                              KRD therapy                                          other regimen before                            KRD therapy                               of KRD
                                                                                                                  NGF assessment

1                                                   VMP                                                                 5                                                   PomD                                          8
2                         VD, VRD, KRD, C, ASCT, Allo-RIC                                      4                                                     non                                           22
3                         VD/VCD, V+C, VRD, tandem ASCT                                      4                                                       R                                              4
4                             VAD, C, tandem ASCT, VD, RD                                          3                                                       R                                             11
5                               VD, VRD, V+C, VRD, ASCT                                        3, IRD                                                IRD                                            3
6                                   VCD, C, ASCT, VTD, R                                                 2                                                     non                                            7
7                                             VRD, ASCT                                                        4, R                                                    R                                              4
8                                VRD, KRD, C, KRD, ASCT                                             4                                                 R, ERD                                         4
9                                                    VRD                                                        3, DaVD, C                    DaVD, C, tandem ASCT, DaRD                     3
10                                                  VRD                                                           1,DaVD                     DaVD, DaVRD, V+C, DaRD, Pom                  1
11                                       VRD, C+V, ASCT                                                      4                                                       R                                              4
12                                       VRD, KD, ASCT                                                       5                                                  IRD, R                                         5
13                                       VRD, C+V, ASCT                                                      4                                                       R                                              4
14                                                  VRD                                                                 1                                            C, ASCT, IRD                                   2
15                       TD, C, tandem ASCT, VD, RD, VRD                                     10                                                   ERD                                          10
16                   VCD, VTD, VRD, PomD, C, ASCT, VMP                             8, ERD                          ERD, DaVRD, DaVD, DaRD                       8
17                                  VD, VMP, VRD, PomD                                                11                                    DaRD, DaVRD, DaRD                           15
18                                     VCD+R, Pom, VMP                                                    3                                                    ERD                                           9
19                                                  VRD                                                                 3                                             ASCT, DaRD                                    3
20                                             PAD, VRD                                                            4                                                     non                                            4
21*                VRD, DaVRD, DaVD, C+V, DaVD, DaRD                         2, ASCT#1                                    ASCT#2, RD                                    2

KRD, Carfilzomib plus lenalidomide plus dexamethasone; NGF, next-generation flow; V, bortezomib; D, dexamethasone; M, melphalan; P,
prednisone; R, lenalidomide; Pom, pomalidomide; T, thalidomide; C, cyclophosphamide; ASCT, autologous stem cell transplantation; PAD,
bortezomib, doxorubicin, high-dose dexamethasone; Da, daratumumab; VAD, vincristine, doxorubicin, dexamethasone; K, carfilzomib; Allo-RIC,
allogeneic transplantation with dose-reduced intensity conditioning; E, elotuzumab; I, ixazomib.*Case 21 received tandem ASCT after KRD.
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