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Multiple myeloma is a neoplastic proliferation of
plasma cells that manifests as bone lesions, renal
impairment, anaemia and hypercalcaemia [1].
Myeloma constitutes ~1% of all cancers diag-
nosed and ~13% of all haematological malignan-
cies [2, 3]. Every year, ~86,000 new cases of
myeloma are diagnosed [4]. The diagnostic crite-
ria for myeloma were modified in 2017 by the
International Myeloma Working Group (IMWG)
to include asymptomatic patients with a high risk
of progression to symptomatic myeloma within 2
years. These biomarkers were serum free light
chain ratio abnormality with involved to unin-
volved light chain ratio of >100, clonal plasma
cells (PCs) >60% and presence of >1 lytic
lesions on magnetic resonance imaging (MRI) of
>5 mm in size [1]. The presence of these bio-
markers was added to the classical ‘CRAB’ crite-
riathatinclude hypercalcaemia, renal impairment,
anaemia and bone lesions to form myeloma-
defining events [1].

Nearly all myelomas come from a preceding
monoclonal gammopathy of undetermined sig-
nificance (MGUS) [5]. MGUS may be followed
by an asymptomatic smouldering stage in which
the clonal PC percentage is >30% and/or the
monoclonal M band is >3 g/dL [1].
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14.1 Why Assess Minimal
Residual Disease (MRD)

in Myeloma?

There has been a consistent improvement in
survival in myelomas from <50% in 1980-
1989 to ~75% in 2000-2009 [6]. The median
overall survival (OS) has improved consider-
ably in the last 15 years. In a series of >1000
myeloma patients diagnosed from 2001 to
2010, it was seen that median OS in patients
treated from 2001 to 2005 was ~4.6 years while
the median OS in patients treated from 2006 to
2010 was ~6.1 years [7]. The survival pre-2001
era was ~2.5 years [8]. This has been due to a
marked improvement in the drug development
and discovery with the advent of immunomod-
ulatory agents like thalidomide [9], lenalido-
mide [10, 11] and bortezomib [3]. Further
improvements in myeloma OS are expected
with the flurry of new agents approved for
treatment like pomalidomide [12], carfilzomib
[13], daratumumab [14], elotuzumab [15] and
ixazomib [16].

The improvements in OS also stem from
higher rates of complete response (CR) and very
good partial response (VGPR) [17, 18]. With the
current anti-myeloma therapy, ~100% patients
achieve an overall response with 2VGPR seen in
80% patients [19-22]. This is in contrast to the
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earlier anti-myeloma agents which even when
combined with autologous stem cell transplanta-
tion (ASCT) were able to achieve a 2VGPR in
<50% patients [23, 24]. These consistent
improvements pave the need for better response
assessment in myeloma to identify patients who
do extremely well post ASCT and who will not.

14.2 Response Assessment
in Myeloma

IMWG lays down the response assessment criteria
for myeloma patients. The IMWG 2006 criteria
were centred on the assessments of M bands in
serum and urine by the use of serum and 24 h urine
protein electrophoreses (SPE and UPE), serum
and urine immunofixation electrophoresis (SIFE
and UIFE) and bone marrow PC percentage. They
divided patients into CR, VGPR, partial response
(PR), stable disease (SD) and progressive disease.
Patients in CR had a complete absence of M bands
in SPE, UPE, SIFE and UIFE together with <5%
PC in bone marrow. Patients in VGPR should have
had >90% reduction in the amount of M band in
all the serum and urine studies [25].

This definition will clearly be inadequate
when assessing patients treated with immuno-
modulatory agents and proteasome inhibitors due
to high numbers of patients in CR. To address
this issue, the IMWG in 2011 gave a new set of
response criteria to identify patients within the
category of CR who would do better than the rest.
The IMWG added serum free light chain ratio
and bone marrow immunophenotyping using 2—4
colour flow cytometry to the response evaluation
investigations. In addition, they included immu-
nohistochemistry on bone marrow biopsy with an
intent to identify clonal PCs. The category of
stringent CR (sCR) was added, and this included
absence of an abnormal free light chain ratio and
<5% clonal PCs by either immunohisctochemis-
try on bone marrow biopsy or 2—4 colour flow
cytometry in the bone marrow [26]. It has how-
ever been identified that immunohistochemistry
may be relatively unreliable as the bone marrow
post therapy generally shows regeneration of nor-
mal PCs, and this may lead to false-negative

assessment for clonal PCs [27, 28]. In addition,
the IMWG 2011 criteria added the categories of
immunophenotypic CR and molecular CR for
those patients who are negative by 2—4 colour
flow cytometry and wusing allele-specific
oligonucleotide-polymerase ~ chain  reaction
(ASO-PCR), respectively [26].

However, even these definitions were rela-
tively inadequate for the continuing improve-
ments in the OS rates and high rates of sCR
achieved with modern anti-myeloma therapy.
Minimal residual disease (MRD) in the myeloma
patients may exist in the intramedullary location
or the extramedullary locations. The last 810
years have witnessed a major surge in publica-
tions, addressing assessment of intramedullary
minimal residual disease (MRD) in myeloma
[29—40]. Most of these have used multiparameter
flow cytometry (MFC) for MRD detection [29—
36] while others have used molecular methods
[37-40]. For the detection of extramedullary
MRD in myeloma, imaging techniques like func-
tional Magnetic resonance imaging (MRI) [41,
42] and 18-fluorodeoxyglucose positron emis-
sion tomography-computed tomography (PET/
CT) scan [41, 43, 44] have been used.

14.3 Intramedullary MRD

in Myeloma

MEC has been extensively applied to detect MRD
in myeloma [29-36, 45-53]. Panels of monoclo-
nal antibodies used by various studies on MRD
are given in Table 14.1. As the years advance, the
improvement in MFC techniques with the addi-
tion of more colours and better software leading
to acquisition of more events and better analysis
capabilities become visible with high sensitivi-
ties achievable with current methods of analysis.

14.3.1 Clinical Utility

Bruno Paiva’s group at PETHEMA/GEM
(Programa para el Estudio de la Terapéutica en
Hemopatias ~ Malignas/Grupo  Espaiiol  de
Mieloma) [30, 33, 36, 47] and Andy Rawstron’s
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Table 14.1 Various panels used for MRD assessment in myeloma
Sensitivity

Study (year) Panel used (%)

Rawstron et al. (2002) [29] CD45-FITC/CD38-CECy5/CD138-PE 0.01
CD45-FITC/CD38-CECy5/CD19-PE
CD45-FITC/CD38-CECy5/CD56-PE

Sarasquete et al. (2005) [39] | CD38-FITC/CD56-PE/CD19-PerCP Cy5.5/CD45-APC 0.01
CD138-FITC/CD28-PE/CD33-PerCP Cy5.5/CD38-APC
CD20-FITC/CD117-PE/CD138-PerCP Cy5.5/CD38-APC

de Tute et al. (2007) [45] CylIg\-FITC/CD19-PE/Cylgk-PE Cy5/CD38-PE Cy7/CD138-APC/ | 0.01
CD45-APC Cy7

Paiva et al. (2008) [30] CD38-FITC/CD56-PE/CD19-PerCP Cy5.5/CD45-APC (only tube | 0.01
applied in 90% patients)
CD38-FITC/CD27-PE/CD45-PerCP Cy5.5/CD28-APC
(32 micro-FITC/CD81-PE/CD38-PerCP Cy5.5/CD117-APC

Gupta et al. (2009) [46] CD19-FITC/CD56-PE/CD38-PerCP Cy5.5/CD138-APC 0.01
CD45-FITC/CD52-PE/CD38-PerCP Cy5.5/CD138-APC
CD20-FITC/CD117-PE/CD38-PerCP Cy5.5/CD138-APC

Paiva et al. (2011) [33], CD38-FITC/CD56-PE/CD19-PerCP Cy5.5/CD45-APC 0.01-0.001

(2012) [35], (2014) [47] CD38-FITC/CD27-PE/CD45-PerCP Cy5.5/CD28-APC
(32 micro-FITC/CD81-PE/CD38-PerCP Cy5.5/CD117-APC

Puig et al. (2014) [40] CD38-FITC/CD56-PE/CD19-PerCP Cy5.5/CD45-APC 0.01-0.001
CD38-FITC/CD27-PE/CD45-PerCP Cy5.5/CD28-APC
$2 micro-FITC/CD81-PE/CD38-PerCP Cy5.5/CD117-APC

Rawstron et al. (2013) [34] CD27-FITC/CD56-PE/CD19-PerCPCy5.5/CD38-PE Cy7/ 0.01
CD138-APC/CD45-APC Cy7
CD81-FITC/CD117-PE
CD52-FITC/CD200-PE

Robillard et al. (2013) [48]; CD38-HV450/CylIgh-FITC/CD56+CD28-PE/CD138-PE Cy5/ 0.001

Rousel et al. (2014) [49] CD19-PE Cy7/Cylgk-APC/CD45-APC H7

Euroflow (2017) [50] CD138-BV421/CD27-BV510/CD38-FITC/CD56-PE/CD45-PerCP | 0.001
Cy5.5/CD19-PE Cy7/CD117-APC/CD81-APC C750
CD138-BV421/CD27-BV510/CD38-FITC/CD56-PE/CD45-PerCP
Cy5.5/CD19-PE Cy7/Cylgk-APC/Cylgh-APC C750

Euroflow (2010) [51] CD138-BV421/CD27-BV510/CD117-BV605/CD38-FITC/ NA
CD56-PE/CD45-PerCP Cy5.5/CD19-PE Cy7/Cylgh-APC/
Cylgk-APC A700/CD81-APC C750

Roshal et al. (2017) [52]; CD81 PacBlue/CD38BV510/CD27 BV605/CD117 PerCPCy5.5/ 0.001

Royston et al. (2017) [53] CD19 PECy7/CD138 APC/CD56 APC-R700/CD45 APC-H7

group at Leeds [29, 34] have generated the most
clinical data on MRD in myeloma. Only data
from key papers is being presented here.

In the PETHEMA/GEM analysis of trials
GEM2000 and GEM2005 >65 years, Paiva et al.
showed that in 241 patients in CR at D100 post
ASCT, the patients who did not sustain CR at 1
year post ASCT had a poor prognosis. The only
two variables that could predict this unsustained
CR were high-risk cytogenetic profile and pres-
ence of MRD-positive status at D100 post
ASCT. Their data gave proof that patients who
remain MRD positive at D100 post ASCT do

poorly and should be enrolled in trials to inten-
sify therapy or treat MRD-positive status [35]. In
another analysis of GEMO05 >65 years confined
to elderly patients, 102/260 patients achieved at
least a PR and were analysed using a serum free
light chain assay, immunofixation, and
MEFC. After six cycles of induction therapy, CR
was seen in 43%, sCR in 30% and MRD negative
by MFC in 30% of the 102 patients. Patients in
sCR when compared with patients in CR did not
show any survival advantage while patients who
were MRD negative by MFC had a longer
progression-free survival (PFS) and time to pro-
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gression. Seven patients were MRD negative by
MFC but were positive on IFE studies, and all of
them attained an IFE-negative status on follow-
up. In contrast, patients who were MRD positive
by MFC but were IFE negative showed early
relapses on repeat IFE examinations [33]. In a
subsequent series on relapsed myeloma patients,
the prognostic impact on time to progression of
attaining a MRD-negative status after salvage
chemotherapy with or without ASCT could also
be demonstrated. Importantly, in this series,
MRD status was not useful for patients who
underwent allogeneic stem cell transplantation as
this was uniformly associated with a poor time to
progression [47].

Rawstron in 2013 published the results from
Medical Research Council Myeloma IX Study on
>600 patients of myeloma who underwent MRD
assessment by a six-colour MFC panel at the end
of induction therapy with cyclophosphamide,
vincristine, doxorubicin and dexamethasone
(CVAD) or cyclophosphamide, thalidomide and
dexamethasone (CTD) for intensive therapy fol-
lowed by ASCT or attenuated CTD or melphalan
and prednisolone (MP) for non-intensive treat-
ment. The patients underwent bone marrow
examination at diagnosis, end of induction and at
day 100 (D100) of ASCT procedure, and MFC
analysis was performed at all time points. For
each tube, minimum 500,000 events were
acquired and >50 cell cluster with an aberrant
immunophenotype was considered abnormal. Of
the 397 patients who received ASCT following
intensive therapy (62.2%), an MRD-negative sta-
tus at D100 post ASCT had a significantly longer
PFS and OS. In the sub-analysis, patients who
were MRD negative at the end of induction
before undergoing ASCT had the best PFS, but
this benefit was not translated to OS. The favour-
able impact of MRD negativity on PFS and OS
was independent of cytogenetic risk groups with
the benefit seen in both favourable and adverse
risk groups. When they looked at patients achiev-
ing CR, an MRD-negative status was associated
with a better OS. There were patients who were
MRD negative but not in CR, and these patients
were similar to MRD-positive cases. The MRD

negative but not in CR can be possibly explained
by the longer half-life of M bands and possibly
by patchy distribution of the disease. In a further
analysis of patients randomized to receive tha-
lidomide maintenance, it was seen that patients
on maintenance thalidomide had higher chances
of becoming MRD negative [34]. In a subsequent
series from the same patient group, Rawstron
et al. demonstrated that a reduction in MRD by
each log predicted a better OS. Median OS
achieved in >10% MRD group was 1 year while
the corresponding figures for 1 to <10%, 0.1 to
<1% and 0.01 to <0.1% groups were 5.9, 6.8 and
>7.5 years, respectively. They concluded that
1-year OS benefit is achieved per log reduction of
MRD [54].

Other studies have used molecular methods
to assess MRD. Most published evidence is for
ASO-PCR [37, 39, 40]. In the Spanish trials of
myeloma, patients underwent both ASO-PCR
and MFC to assess MRD. Of the 170 patients
who achieved at least a PR, ASO-PCR could be
successfully applied in only 42% patients as in
many patients either clonality could not be
demonstrated or sequencing analysis was
unsuccessful or ASO performance was subopti-
mal. In patients who were assessable by both
techniques, MRD could be demonstrated using
MEFC in 46% while ASO-PCR was positive in
52% patients. Overall, a good correlation was
observed between both techniques. A better
PFS and OS were reported for patients who
were ASO-PCR negative versus those who
were ASO-PCR positive [40]. Sarasquete et al.
could identify an assessable ASO-PCR rear-
rangement in 24/32 patients of myeloma who
achieved CR post ASCT and could predict
improved PFS in MRD-negative group [39]. In
an earlier analysis of patients who underwent
either ASCT or allogeneic stem cell transplan-
tation, MRD-negative patients by ASO-PCR
were found to have a lower relapse rate and
long-term relapse free survival than MRD-
positive patients [38].

The benefit of attaining an MRD-negative
status in myeloma has been the subject of two
meta-analyses [55, 56]. In the first analysis by
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Munshi et al., data from 21 eligible studies from
January 1990 to January 2016 was pooled and
impact on PFS and OS was examined. The meta-
analysis showed that attaining an MRD-negative
status was associated with a better PFS and
OS. The median PFS was 54 months for MRD-
negative patients while it was 26 months for
MRD-positive patients. Interestingly, the benefit
of MRD-negative status was seen in patients in
CR also with patients who were in CR and MRD
negative, having a better PFS and OS than
patients who were MRD positive but in CR. They
concluded that attaining MRD-negative status
can be used as an end point in myeloma clinical
trials [55]. This would mean that MRD-negative
status could be used as a surrogate end point for
studies on drug approval [57].

The second meta-analysis though started with
20 full texts, finally only included four studies—
three using MFC and one using ASO-PCR. They
also showed that MRD negativity was associated
with a better PFS and OS. They also concluded
that MRD can become a possible end point for
regulatory drug approval in myeloma [56].

However, in all these papers, it was clear that
MRD-negative status did not translate to cure.
This clearly means that MRD-negative patients
also possibly have a significant disease burden
that is still present in the body. This could either
be due to the fact that MRD techniques being
used in pre-2015 era were possibly less sensitive
than what is desirable or many patients have a
patchy disease, and it might be that the site sam-
pled for bone marrow may not contain MRD
while other sites may have residual disease. A
third possibility is that the relapses may originate
from extramedullary sites.

14.3.2 Development of Next
Generation Flow Cytometry
for MRD Detection
in Myeloma

To address the first issue, International
Myeloma Foundation (IMF) initiated the Black
Swan Research initiative who in concert with

Euroflow Consortium tried to develop better
methods and standardization of MFC tech-
nique. This was achieved with a two-tube
eight-colour MFC approach with validated
antibodies and bulk-lysis procedure to obtain
>10 million events. This tube design was a
result of five cycles of design—evaluation—
redesign. The panel consists of two tubes: Tube
1 CD138 BV421/CD27 BV510/CD38 (multi-
epitope) FITC/CD56 PE/CD45 PerCPCy5.5/
CD19 PE-Cy7/CD117 APC/CD81 APC C750
and Tube 2 CD138 BV421/CD27 PE/CD38
(multi-epitope) FITC/CD56 PE/CD45
PerCPCy5.5/CD19 PE-Cy7/Cylgk APC/Cylgh
APC C750. They also are validating a single-
tube 10-colour panel version and are using the
Infinicyt software, and automated identifica-
tion of abnormal PCs is being explored. This
method has been termed next generation flow
cytometry (NGF) as it is capable of attaining
sensitivity as high as next generation sequenc-
ing (NGS). NGF had a higher sensitivity of
MRD detection than conventional MFC at 47%
vs. 34%. This effectively meant that a quarter
of patients who were MRD negative by con-
ventional MFC were actually MRD positive by
NGF, and this translated to an improvement in
75% PFS which was not reached in NGF-
negative group compared to 75% PFS of 7
months in patients who were NGF positive.
Interestingly this was regardless of the conven-
tional response status of these patients.
Interestingly, patients who were NGF positive
but MRD negative by conventional MFC did
worst. A small subset of patients also under-
went NGS for the comparison of NGS and
NGF, and they showed that NGF approach had
higher applicability than NGS and higher sen-
sitivity of MRD detection than NGS [50]. The
validated panel is also being marketed through
Cytognos  (http://www.cytognos.com/index.
php/euroflow/minimal-residual-disease-
panels/1440-multiple-myeloma-mm-mrd-Kkits)
[58]. There has been an attempt by other cen-
tres for the evaluation of a 10-colour panel that
can give comparable results to the NGF using a
two-tube eight-colour approach [52, 53].
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14.3.3 Utility of Next Generation
Sequencing for MRD
Detection

Next generation sequencing (NGS) in the con-
text of MRD in myeloma employs multiplex
sequencing of the immunoglobulin heavy-chain
regions (IgH) of plasma cells. It requires the
diagnostic sample to identify the IgH rearrange-
ments in the initial clone of neoplastic PCs, and
in case of myeloma, multiple clones may be
present at the time of diagnosis. All subsequent
samples are also assessed using the same plat-
form, and this technique can achieve a sensitiv-
ity of 107° or 0.0001%. Two studies have
explored the use of a LymphoSIGHT™
(Sequenta, Inc., San Francisco, CA) high-
throughput sequencing platform for immuno-
globulin heavy-chain locus (IGH) complete
(IGH-VDJH), IGH incomplete (IGH-DJH) and
immunoglobulin « locus (IGK) to assess MRD
in myeloma [59, 60]. The first series from GEM
trials included 133 patients whose diagnostic
DNA was subjected to NGS followed by the
analysis for MRD. Of 133 patients, an assess-
able clonotype was available in 121, and of
these, 110 underwent MRD detection. Hence,
NGS was applicable in 91% patients. MRD-
positive status was present in 83% patients and
MRD-negative patients by NGS had a higher
time to tumour progression and OS. It was seen
that patients who were in CR and MRD negative
by NGS had the highest time to tumour progres-
sion. All patients had been assessed by MFC
and ASO-PCR earlier. When MRD data by NGS
was compared with MFC, 83% samples were
concordant and for ASO-PCR, the correspond-
ing figure was 85% [59].

The second study was a part of the IFM/DFCI
2009 Trial. Patients were assessed at pre-
maintenance and post-maintenance time points.
Patients who were MRD negative by NGS had a
higher PFS than MRD-positive patients at both
time points of assessments. The benefit of MRD
negativity was also seen in patients in CR and
was also seen in patients with t(4;14) cytogenetic
abnormality [60].

Table 14.2 IMWG 2016 criteria pertaining to MRD [61]

Response

category Definition

Sustained MRD negativity in bone marrow by

MRD NGS, NGF or both and by imaging

negative confirmed at least 1 year apart. There
is a provision to identify further
duration of MRD negativity

Flow MRD Absence of aberrant clonal PCs by

negative NGF on bone marrow samples using
the standard operating procedure of
the Euroflow consortium or a validated
equivalent method; assay sensitivity of
0.001% or higher

Sequencing | Absence of clonal PCs on bone

MRD marrow aspirate using the

negative LymphoSIGHT platform or equivalent
method at an assay sensitivity of
0.001% or higher

Imaging plus | MRD negative as defined by NGF or

MRD NGS plus disappearance of every area

negative of increased tracer uptake found at
baseline or a preceding PET/CT or a
matching uptake as mediastinal blood
pool or less than surrounding normal
tissue

Relapse Loss of MRD-negative state (evidence

from MRD of clonal plasma cells on NGF or

negative NGS, or positive imaging study for
recurrence of myeloma); or
reappearance of M band or
development of CRAB

With the exciting data from NGF and NGS,

the two techniques were formally incorporated in
the IMWG 2016 response and MRD assessment
criteria for myeloma. The response criteria are
mentioned in Table 14.2 [61].

14.4 Imaging to Detect
Extramedullay MRD

in Myeloma

In a series of 134 myeloma patients, an abnormal
PET/CT was seen in 91% patients, and in ~32%
of these patients, a normalization of PET/CT
after three cycles of bortezomib/lenalidomide/
dexamethasone therapy led to an improvement
in progression free survival. RVD therapy was
followed by ASCT. PET/CT normalization pre-
maintenance was seen in 62% patients, and this
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was also associated with better PFS and OS. MRI
in contrast was abnormal in 95% patients, but its
normalization following three cycles of RVD
therapy was not associated with an improved
PFS [41].

In another abstract presented at American
Society of Hematology (ASH) annual meeting
at Atlanta in 2017, retrospective data of 87
patients treated from 2008 to 2017 and put on
lenalidomide therapy was presented. Patients
who were flow MRD negative and PET negative
after lenalidomide maintenance therapy had a
significantly higher PFS and a trend to better OS
than all other groups [43]. In an earlier pub-
lished study, it was seen that in 282 patients
treated up front, PET-CT was positive in 70% at
diagnosis, and after last cycle of first-line ther-
apy, PET-CT was positive in 30% patients. A
PET-negative status was associated with a better
PFS and OS. Patients in CR with a PET-positive
status did worse and PET-CT was an indepen-
dent prognostic variable in patients with con-
ventional CR [44].

In another abstract at ASH 2017, the authors
specifically looked at 46 patients (35 newly diag-
nosed and 11 post relapse) who were in MRD-
negative CR using eight-colour MFC from a
total of 294 patients of myeloma treated with
novel agents and ASCT but relapsed subse-
quently. The limit of detection (LOD) of the
MEFC assay was between 0.01% and 0.001%.
The patients also underwent PET/CT and diffu-
sion-weighted magnetic resonance imaging with
background suppression (DWIBS). DWIBS
could detect focal lesions in 12/46 patients while
PET/CT could detect focal lesions in 3/46
patients. It was also seen that 9/14 patients pre-
sented with lesions in the contralateral side to
the bone marrow assessment by MFC. This
could explain the MRD-negative status using
MEFC [42].

The IMWG2016 criteria have incorporated
MRD assessment by PET/CT in the response and
MRD assessment in myeloma, Table 14.2 [61].

A comparison of the techniques used to detect
myeloma MRD has been provided in Table 14.3.

Table 14.3 Comparison of the techniques used for MRD detection in myeloma [61, 62]

Criteria MFC NGF ASO-PCR NGS PET/CT
Applicability ~100% ~100% 60-70% 90% ~100% for
extramedullary
disease
Sensitivity 107 10~ to 107° 10~ to 107 10-° High, even 4 mm
lesions
Requirement of Preferable; Preferable; not | Mandatory Mandatory Preferable; not
diagnostic sample not mandatory | mandatory mandatory
Turnaround time ~2-3h ~2-3h ~1 week; ~4 weeks >1 week 2h
for first
identification
Availability Most labs Most labs Intermediate Low Intermediate
worldwide worldwide can
apply
Requirement of Yes; <36 h Yes; <36 h None None Not applicable
fresh sample
Impact from patchy | Yes Yes Yes Yes No
disease
Assessment of Possible Easy No No No
sample quality
Cost <350 USD ~350 USD ~500 USD ~700 USD ~2000 USD
(follow-up); ~1500 ~INR
(diagnostic) 12,000-14,000
Standardization Poor Ongoing EuroMRD since No Ongoing
15 years
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14.5 Nitty-Gritty of MFC to Assess
MRD Using Conventional
and NGF Approaches

The use of MFC has evolved from three- or four-
colour panels [29, 30, 33-35, 39, 40, 46, 47] to
6-8 colours [45, 48, 49] and then the develop-
ment of the NGF [50] and 10-colour panels
[51-53]. The first guidelines for the determina-
tion of MRD by MFC were given in 2008 by
European Myeloma Network [63]. These were
followed after 7 years by a full issue on myeloma
MRD published in Cytometry B: Clinical
Cytometry [17, 64-73].

14.5.1 Specimen Requirement

The sample recommendations for MRD assess-
ment are limited to bone marrow aspiration. The
acceptable anticoagulants have been EDTA and
sodium heparin, but since CD138 is a heparin
sulphate, there might be some decrease in its
intensity following heparin anticoagulation.
Hence, some centres prefer EDTA as an antico-
agulant [74]. Bone marrow can be transported at
room temperature but should ideally be processed
within 48 h of sample collection. It is however
better if the sample is processed within 24 h of
collection [66].

14.5.2 Sample Requirement

If MFC is being applied without NGF approach,
1-2 mL bone marrow sample is adequate, but if
NGEF approach is to be used, ~5 mL bone marrow
sample should be taken. Ideally, the first pull
sample should be taken for MFC/NGF unlike the
usual scenario where first pull samples are used
to prepare marrow films. To acquire 5 million
events as recommended by NGF, it is required to
start with 10-20 million events as ~50% cells
may be lost during processing [50, 65]. However,
this is only when the aim is to reach a sensitivity
of 0.001%. A lower sensitivity threshold of
0.01% does not require these many cells to begin
with and ~55% patients may have MRD higher

than this threshold and would therefore not
require NGF for detection. NGF processing can
be applied to the rest 45% patients, and this
approach has been tried at Leeds as they also
send sample for molecular analysis as the first
priority [65].

14.5.3 Processing Technique

The MFC sample should be processed using a
lyse-wash-stain-wash approach. A pre-lysis step
for NGF is a bulk-lysis approach with the addi-
tion of ~0.5% bovine serum albumin, and a
FACS-lysing-fixation step is recommended
(Protocol A1) [50]. If utilizing this approach,
titration protocol should also follow the same
method of processing. Ficoll-hypaque processing
is not recommended as it may lead to PC loss.
People have tried using higher amounts of sam-
ple volume with an appropriate increase in anti-
body cocktail, but this leads to increased cost and
reduced limit of detection (LOD) as fewer cells
are acquired when compared to bulk-lysis
approach [66].

14.5.4 Panel Requirements

Gating markers: To identify PCs, the single most
useful marker is CD38 as it is expressed at a high
intensity on both normal and neoplastic PCs.
However, it is also expressed by hematogones at
an intensity intermediate between PCs and other
cells, and this might create a problem when
assessing neoplastic PCs which may show a
slight downregulation of CD38 [67, 75]. Since
CD38 is very brightly expressed, it is best tagged
with a weak fluorochrome like FITC. CD138/
syndecan is a specific marker for PCs in the con-
text of bone marrow with bright expression seen
only in PCs [76]. However, the NGF data has
shown that this marker should be tagged with a
bright fluorochrome to identify all neoplastic PCs
in the context of MRD assessment [75]. The dye
recommended by Euroflow in its diagnostic panel
is V450, but in the myeloma panel, BV-421 is
the recommended dye due to its exceptional
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brightness [50]. Other dyes like APC and PE can
also be used [75].

In addition, CD45 should always be used as a
gating marker to refine the PC gate and take care
of contaminants. Forward and side scatter (FSC
and SSC) are available with every acquisition and
should be used to exclude debris and doublets
that may contaminate the final gates [75].

With the advent of daratumumab therapy [14],
which is an anti-CD38 monoclonal antibody,
reductions in CD38 binding of some antibody
clones may occur [50]. In addition, daratumumab
may complicate IFE assessments as it comigrates
with IgGk bands and also complicates blood
transfusion by interfering with serological cross-
matches [77]. To circumvent its impact on MRD
assessment, Euroflow has optimized a multi-
epitope CD38 molecule that is capable of detect-
ing MRD in patients treated with daratumumab
[50, 58, 75].

There has also been an attempt to identify
other potential gating markers for plasma cells.
For this purpose, CD54, CD229 and CD319 were
evaluated by the Euroflow group on 46 myeloma
patients, 5 healthy controls, 3 extraosseous plas-
macytomas and 2 uninvolved non-Hodgkin lym-
phoma (NHL) marrows. It was seen that all
markers when combined with CD38 performed
well, but if combined with CD138, only CD229
had a potential to identify all PCs [73]. However,
in the final published manuscript and with
detailed evaluation of the MRD panel, the group
dropped CD229 also as it missed MRD in 8%
myeloma cases and was also found at high levels
in plasmacytoid dendritic cells and some lym-
phocytes [50].

Hence, the best approach is the use of a com-
bination of CD138 tagged with a strong dye,
CD38 tagged with a weak dye, and CD45 with
FSC and SSC for plasma cell gating [63, 67]. In
patients treated with daratumumab, a multi-
epitope CD38 molecule should be used to iden-
tify neoplastic PCs.

Identification of neoplastic PCs: Identification
of the abnormal always happens when we know
what is normal. Normal PCs in the bone marrow
express CD38 and CD138 but do not express the
most mature B-cell markers like CD20, CD22

and surface immunoglobins. They however show
cytoplasmic expression of light chains that can be
used to assess clonality or lack thereof.
Traditionally, it was thought that normal PCs
show a dim expression of CD45, homogeneous
expression of CD19 and lack CD56 [63, 78-80].
However, with modern MFC with acquisition of
large number of events, small populations of PCs
that could be considered abnormal or neoplastic
could be identified in normal patients like
CD19—, CD45—, CD56+, CD20+ and may com-
plicate MRD analysis [81-84]. The immunophe-
notype of PCs shows a significant overlap
between normal, neoplastic and reactive PC pop-
ulations. After acquisition of 1 million events,
populations like CD19-CD56/CD28+, CDI19—
CD56/CD28—, CD19+CD56/CD28+ could be
discovered at less numbers [82]. CDS81 is
expressed at high intensity in normal plasma cells
and hematogones and an underexpression is
reported in neoplastic PCs [85], and this has not
been observed in the normal PC compartment
[81]. In contrast normal PCs do not express
CD200, CD221 and CD117 [83].

Neoplastic PCs tend to be CD19 negative, and
this is consistently seen in >90% myelomas [63,
67, 78-80]. Approximately 60-75% cases of
myeloma are CD56 positive [63, 70, 78-80]. An
incidence of aberrant patterns and the number of
myelomas that show those patterns are given in
Table 14.4. Some markers have been shown to
have prognostic significance like CD28+CD117—
myelomas were shown to have a high risk of

Table 14.4 Differently expressed markers between nor-
mal and neoplastic PCs

Normal
Marker | Incidence |expression Aberrancy
CD19 >90% Positive Negative
CD56 | 65-70% | Negative Bright positive
CD81 55% Bright Negative or
positive dimmer
CDI117 |30% Negative Positive
CD28 15-45% | Negative Positive
CD27 40-68% | Positive Negative or dim
CD45 73% Dim positive | Negative
CD200 |70% Negative Bright positive
CD38 80% Bright Dim
CD54 | 60-80% | Bright Dim
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progression [80]. Clonality assessment was not
considered mandatory in the earlier published
MRD literature [29, 30, 33-35, 39, 40, 46, 47],
but the addition of cytoplasmic anti-k and A anti-
bodies always adds utility for MRD assessment
when a large number of events are acquired to
establish clonality of small suspect populations
and is included in most >8-colour combinations
[48-53].

An abnormality in a few markers (one or two)
should not be considered as evidence of neoplas-
tic PCs. Multiple assessed markers must be con-
sidered when differentiating normal from
neoplastic PCs [62, 70]. Addition of clonality
assessment improves this distinction of minor
populations of PCs. Increasing the number of
markers assessed also adds utility to the analysis.
Currently, the minimum recommended markers
for MRD assessment in myeloma that can differ-
entiate between normal and myelomatous PCs
are CD38, CD19, CD45, CD56, CD27, CD81
and CD117. CD138 is required for gating PCs,
and in addition, cytoplasmic light chain assess-
ment adds utility when small suspicious PC sub-
sets are present [70].

Acquisition of events: The number of acquired
events determines the sensitivity of the assay. The
EMN guidelines recommended a total of 1 mil-
lion cells to be acquired with ~500,000 events per
tube as a minimum guide [63]. However, as MFC
and software capability have advanced, an acqui-
sition of higher event numbers is achievable eas-
ily and is desirable to perform.

Most clinical data generated by MRD has
used a threshold of 0.01% as a cut-off to differen-
tiate MRD positive from negative [29, 30, 33, 35,
47]. However, relapses were seen in the MRD-
negative group of patients also, and to circum-
vent that, NGF was developed [50]. This approach
calls for an acquisition of a minimum of 3-5 mil-
lion events to achieve a good limit of detection
and lower limit of quantification (LOD and
LLOQ, respectively).

Gating strategy: The gating strategy for neo-
plastic PCs should begin with refinement of data
to exclude abnormal flow with CD38-time plot,
doublet exclusion using FSC-area vs. FSC-height
or SSC-area vs. SSC-height, exclusion of debris

by FSC vs. SSC plot [67]. For the first identifica-
tion of PCs from this refined data, CD38 wvs.
CD138 plot is used to generously gate all possi-
ble PC events. This can be further assessed on the
CD38 vs. CD45 plot [67]. Further identification
of neoplastic PCs and differentiating them from
normal PCs uses a combination of multiple mark-
ers assessed in the panel [63, 67, 70]. Normal
PCs most often are CD19+/CD45 dim/CD38
bright/CD138  bright/CD27+/CD81+/CD56—/
CD117-/CD200— with a polyclonal light chain
expression. In contrast most neoplastic PCs
exhibit a combination of abnormalities including
CD19-/CD45—-/CD38  dim/CD138  bright/
CD27- or dim/CD81— or dim/CD56+/CD117+/
CD200+ [63, 67, 70]. An example of a case is
shown in Fig. 14.1.

LOD and LLOQ: LOD and LLOQ are func-
tions of total acquired events, the size of the clus-
ter considered as neoplastic, number of events
required to attain reproducibility of detection and
quantification. LOD is estimated as having a
cluster of at least 30 cells as a percentage from
total cells while LLOQ is calculated using a clus-
ter of 50 cells as a percentage of the total cells.
This automatically means that in an analysis of
100,000 cells, LOD is 0.03% while LLOQ is
~0.05%. This increases to 0.003% and 0.005%
when 1 million cells are analysed and increases
further to 0.001% and 0.0017%, respectively,
when 3 million cells are interrogated. If 5 million
events are analysed, the LOD of 0.0006% and
LLOQ of 0.001% are achievable.

How to report MRD: As described earlier,
MRD was initially reported at a 0.01% cut-off at
EMN recommendations [63]. Some studies
reported MRD as aberrant to total PC number
ratio [46] and some as neoplastic PC percentage
from all leucocytes [34] while others from all
events acquired [35, 40]. The current recommen-
dations state that neoplastic PCs be determined as
a percentage of total assessed PCs but MRD to be
reported as percentage of all nucleated cells [67,
70]. This makes sense as MRD reported by
molecular methods also utilizes the entire genomic
DNA with no selection of populations [67].

Assessment of sample quality: Concerns per-
taining to a representative marrow sample have
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Fig. 14.1 Detection of MRD in myeloma: a gating
approach. Plasma cells after exclusion of doublets and
debris were gated on the CD38 vs. CD138 plot. From
these, two populations were separated on the CD45 vs.
CD38 plot into CD45-CD38 dim dark blue PCs and aqua
CD38+ bright CD45+ PCs. These two populations exhib-
ited a different immunophenotype. The dark blue is the
neoplastic PC population that constituted ~0.1% of all
events and was CD38 dim/CD45-/CD2+/CD117—/

always been raised for MRD in myeloma. The
EMN guidelines in 2008 stated that if polyclonal
PCs are present within an MRD sample, it should
be considered as representative. If they were
undetectable, a recommendation was made to
look for erythroid or normal myeloid blasts and
hematogones. In a situation where MRD was
present but sample lacked all these, a comment
stating that sample is positive but unsuitable for
MRD quantification was recommended [63].
There have been attempts to identify normal
ranges for multiple normal populations that can
be assessed using markers used for MRD assess-
ment. In the paper on NGF [50], the authors have
published ranges for mast cells, erythroid cells,
%CD27+ B-cell precursors, %CD27— B-cell
precursors, % mature B cells, % myeloid precur-
sors and % endothelial and mesenchymal cells
which can serve as a potential guide to validation
of sample quality. In their analysis, they could
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CD19—/CD56— and exhibited clonality for kappa. In con-
trast, the aqua population was CD38 bright/CD45+/
CD28-/CD117—/CD19+/CD56+ and was polyclonal.
Clearly the dark blue population is neoplastic while aqua
population is normal PCs. This case highlights a variable
immunophenotype within the normal PCs with enrich-
ment of the CD19+/CD56+ subpopulation and shows that
a single marker should never be relied upon while assess-
ing for MRD

demonstrate that the two patients who progressed
despite being NGF MRD negative could be
explained by a suboptimal sample submitted for
NGF. However, this finding will require confir-
mation in other large series of patients to be con-
sidered as the only reason for progression while
being NGF MRD negative. Other investigators
have used normal PCs, mononuclear cells,
erythroid cells, granulocytes, CD117+CD27—
myeloid progenitors, CD27+CD117— lymphoid
cells, B cells, NK cells and hematogones [69].
Final report of MRD by flow cytometry: In
addition to the sample time point and patient
demographic data, it is recommended that results
be reported as event number of neoplastic PCs
along with total events analysed as well as the
LOD and LLOQ values. If the results are between
LOD and LLOQ values, then MRD should not be
reported as a percentage but as a range between
LOD and LLOQ. Total events in this context
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represents the denominator after doublets and
debris have been excluded for refining the data
acquired [67]. A comment on sample adequacy
by reporting on normal cell types assessed in the
sample should also be a part of the final report.

14.6 MRD in Myeloma: Indian
Perspective

Myeloma MRD has lagged behind in India with
published data only from AIIMS Gupta et al.
[46]. They had reported their data in 2009 using a
four-colour panel (given in Table 14.1) and tar-
geted a threshold of 0.01% neoplastic plasma
cells. They managed to detect aberrancies in at
least two antigens in 90.7% cases and observed a
change in immunophenotype at the time of MRD
assessment with that from the diagnostic time
point in 78% cases. Their initial work highlighted
that neoplastic PCs may upregulate or downregu-
late antigens after therapy and stressed the need
to evaluate multiple antigens. In their assessment,
they did not assess clonality of PCs due to a lim-
ited four-colour panel, but this has been subse-
quently assayed and is now a part of the myeloma
MRD detection.

We have used a six-colour and subsequently
an eight-colour panel to detect MRD in myeloma.
Using a six-colour approach also, it is feasible to
detect MRD and determine clonality of neoplas-
tic PCs.

Hopefully with the incorporation of MRD
assessment in IMWG response criteria [61], there
would be an increase in the centres evaluating it
in India.

Take Home Message

MRD in myeloma has undergone a drastic prog-
ress in the past 10 years and has kept pace with
the novel agent discovery that led to improved
survivals in myeloma. The most utilized approach
is multiparameter flow cytometry and is capable
of detecting MRD at >0.01% threshold. This can
be further improved by utilizing next generation
flow cytometry and standardized approach to
MRD, and increased sensitivity of 0.001% is
achievable. Most molecular methods used like

ASO-PCR and NGS require a diagnostic sample
and still have limited availability and are expen-
sive. MRD assessments in the extramedullary
compartment require PET/CT, and the data on
both intramedullary and extramedullary MRD in
myeloma has been incorporated in the IMWG
2016 response criteria.
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