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Abstract: Standard risk stratification (sRisk) guides clinical management in monoclonal gammopathy of undeter-
mined significance (MGUS), smoldering multiple myeloma (SMM) and multiple myeloma (MM). Nonetheless, clinical
results are considerably heterogeneous among patients with similar risk status. Blood and bone marrow samples
from 276 MGUS, 56 SMM and 242 MM in regular clinical practice were analyzed at diagnosis by flow cytometry.
Higher levels of aberrant circulating plasma cells (cPC) (> 0.0035% of leukocytes), combined with albumin, beta2-
microglobuline and lactate-dehydrogenase levels, offered minimally-invasive risk stratification (RcPC) with results
comparable to sRisk. RcPC and sRisk 10-year progression-free-survival (10y-PFS) rates were: 93.8% vs. 95.1% for
low-risk, 78.4% vs. 81.7% for intermediate-risk and 50.0% vs. 47.8% for high-risk MGUS; 58.3% vs. 57.8% low-risk,
44.4% vs. 45.8% intermediate-risk and 8.9% vs. 15.0% high-risk SMM; and 44.4% vs. 44.4% low-risk, 36.1% vs.
36.8% intermediate-risk, and 13.3% vs. 16.2% high-risk MM. Circulating-PC > 0.0035% vs. cPC<0.0035% was an
independent prognostic factor for PFS (HR=4.389, P=1.2x107°, Harrell C-statistic =0.7705+0.0190) and over-all
survival (0S, HR=4.286, 2.3x10°, Harrell C-statistic =0.8225+0.0197) that complemented sRisk in patients with
low-sRisk (10y-PFS rates 48.1% vs. 87.3%, P=1.2x10%) and intermediate-sRisk (10y-PFS rates 28.9% vs. 74.1%,
P=8.6x107?). Patients with high cPCs values are associated with higher proliferation and lower apoptosis rates of
PC. Circulating-PC > 0.0035% identified MGUS, SMM and MM patients at higher risk of progression or death and
predicted a cohort of patients that after relapse from stringent complete response showed shorter OS. These pa-
tients could benefit from early consolidation therapy, tandem ASCT or intensive maintenance.
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Introduction and displays substantial clinical heterogeneity

in presentation and course, underlining the

Novel treatments for multiple myeloma (MM)
combining immunomodulatory drugs (lenalido-
mide, thalidomide, or pomalidomide), protea-
some inhibitors (bortezomib, carfilzomib, or ixa-
zomib) and tandem autologous stem cell trans-
plantation (ASCT) have increased the rate of
complete response (CR) and prolonged treat-
ment-free and survival periods [1]. Never-
theless, the disease is considered incurable

need for new biomarkers that allow us to adapt
the therapy not only to the patient’s biological
and clinical conditions, but also to the real risk
of the disease. Currently there are several risk
stratification systems depending on the type of
plasma cell neoplasms (PCN), ranging from pre-
malignant monoclonal gammopathy of undeter-
mined significance (MGUS) [2-4] and smolder-
ing MM (SMM) [2, 3, 5, 6] to the symptomatic
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MM [7]. MGUS is the most common PCN, with a
prevalence of 3.2% in the general population
older than 50, and increasing with age [8].
Although the progression rates to malignant
PCN in asymptomatic MGUS and SMM are
about 1% and 10% per year, respectively [8, 9],
prognostic biomarkers are also needed in
MGUS and SMM for counseling, clinical care
and follow-up, and for the design of clinical
studies in patients at high risk [10].

Since different parameters are used for the risk
stratification of pre-malignant and malignant
PCNs, currently, a large group of biochemical
(Albumin, beta2-microglobulin -b2m-, lactate
dehydrogenase -LDH-), immunological (serum
Monoclonal-protein, IgA, 1gG, IgM and light-
chains), histological (total and aberrant BM-PC
infiltration), cytogenetic (Fluorescence In situ
Hybridization, FISH, for del(17p) and t(4;14)),
cytometric (BM-PC immunophenotype and
labeling index), and/or imaging (MRI and/or
PET/CT) parameters should be accessible [6, 7,
11-13]. Unfortunately, the unavailability of
some of these parameters in less developed
countries could hinder the worldwide expan-
sion and effectiveness of the newest therapeu-
tic protocols.

Multiple myeloma is a complex disease and
several factors come into play in its prognosis.
Genetic subtypes of MM have different underly-
ing biological features that define the prolifera-
tive, apoptotic and dissemination properties of
the myelomatous cell and contribute to the
clinical heterogeneity of the disease [14].
Although, the precise mechanisms underlying
the dissemination of myeloma tumor cells
remain largely unknow [15], several studies
have recurrently shown that the presence of
aberrant circulating PCs (cPC) in peripheral
blood (PB) is a marker for disease activity in
patients with MM [16], with an adverse inde-
pendent prognostic significance in MGUS [17],
SMM [18-20], MM [21-23], and light chain amy-
loidosis [24]. Furthermore, the presence of
cPCs can predict early relapse after autologous
stem cell transplantation (ASCT) [25, 26], and
appears to be useful as a predictive factor in
relapsed MM [27].

In recent years, detection of cPC has gained
interest for MM mainly because of the minimal-
ly invasive nature of blood vs. bone marrow
analyses. High-sensitivity next-generation flow
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(NGF) is able to detect cPCs systematically in
the blood of MM patients at diagnosis, with
higher cPC counts having an adverse prognos-
tic impact, thus suggesting that disease dis-
semination via blood confers a malignant
behavior to MM [28]. Besides, NGF provides
additional insight in the monitoring of treat-
ment effectiveness; NGF is able to detect cPC
in 26% of patients after therapy, pointing out
patients with a higher tumor regrowth and/or
dissemination capacity [29], which ultimately
determine disease progression, most probably
due the more immature and prominent stem
cell-like features of cPCs [28].

This study of a large cohort of newly diagnosed
MGUS, SMM and MM patients in real-world
medicine was conducted to explore the prog-
nostic utility of ¢cPC monitoring by using flow
cytometry at diagnosis. The predictive capacity
of cPC was evaluated in combination with easi-
ly evaluable serum biochemical parameters or
in combination with the standard risk stratifica-
tion for each PCN stages. Likewise, its predic-
tive capacity was evaluated in relation to the
treatments currently used in ASCT eligible and
ineligible patients. Finally, the presence of cPC
was evaluated in relation to the proliferative
and apoptotic capacity of bone marrow PCs.

Materials and methods
Patients

EDTA anti-coagulated PB and BM samples were
obtained at diagnosis from 570 consecutive
patients with PCNs in regular clinical practice
from 7 hospitals in the Region of Murcia, Spain,
between 2010 and 2017. This study was
approved by the Research Ethics Committee.
Institutional review board (IRB-00005712).
Written informed consent was obtained from all
patients in accordance with the Declaration of
Helsinki.

Following the IMWG criteria [7], patients were
classified in 276 MGUS, 56 SSM, and 242 MM.
Mean follow-up for each stage were 57.3+30.5,
69.0+£34.5, and 51.8+35.4 months for MGUS,
SMM and MM, respectively. Standard risk strat-
ification (sRisk) in MGUS (O vs. 1-2 vs. 3 factors)
[11], SMM (O vs. 1 vs. > 1 factors) [30] and MM
(RISS-I vs. RISS-II vs. RISS-III) [7] was done fol-
lowing updated criteria and patients grouped
as low (Risk-l), intermediate (Risk-1l), and high
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(Risk-Ill) risk. In MGUS disease progression was
computed when progressed to SMM or MM; in
SMM progression was computed when pro-
gressed to symptomatic MM. MGUS and SMM
patients progressing to symptomatic MM were
treated as MM patients. In MM, progression,
complete response and relapse was estimated
following Uniform Response Criteria for Multiple
Myeloma of the IMWG [31, 32]. Treatments and
management were at the discretion of the
hematologists based on patient condition and
tumor risk. Briefly, conventional first-line thera-
py for patients not eligible for ASCT included
bortezomib, melphalan, and prednisone (VMP),
bortezomib and dexamethasone (Vd) or more
recently lenalidomide and dexamethasone
(Rd). In ASCT-eligible patients, first-line therapy
included bortezomib, cyclophosphamide, dexa-
methasone (VCD) or bortezomib, doxorubicin,
and dexamethasone (PAD) or more recently
bortezomib, thalidomide, and dexamethasone
(VTd) or bortezomib, lenalidomide, and dexa-
methasone (VRd), and ASCT conditioning with
melphalan 200 mg/m? (dose ranging from 200
to 100-140 mg/m? if renal impairment).

Plasma cell immunophenotyping

Plasma cell immunophenotype and MRD stud-
ies in BM samples and detection of peripheral
blood cPC were performed in a minimum of
1x10° white cells with FACSCanto-Il and DIVA-
Software (Becton Dickinson; BD; San Jose, CA,
USA) following consensus criteria [4, 33, 34],
previously validated [35], and are described
in more detail in Figure 1. Briefly, total PCs
were identified as CD38"*CD138"** events.
Aberrant PCs were distinguished as events with
CD45Iow/negative' CDlgIow/negative’ CD20+’ CD56+'
CD27'"ownegatve - and/or monoclonal restriction
for the heavy and/or light immunoglobulin
chains. Mature B lymphocytes were defined as
low FSC/SSC CD19'CD45**CD387¢™ events.
MRD assessment was performed 3 and 6
months after ASCT, and under the suspicion of
loss of CR.

Apoptosis rate of aberrant PC was estimated as
the percentage of Anexin-V* PCs minus the per-
centage of Anexin-V* mature B lymphocytes.
PCs labelling index (cell-cycle analysis) was per-
formed using Cycloscope-MM (Cytognos,
Salamanca, Spain). Aberrant PC proliferation
rate was estimated as the percentage of CD38/
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CD138* cells in the Synthesis + G2/M phases
of the cell cycle.

Fluorescent in situ hybridization (FISH)

Cytogenetic abnormalities were evaluated in
interphase nucleus from BM-PCs purified us-
ing RosetteSep® Human Multiple-Myeloma-Cell
Enrichment Cocktail (Stemcell Technologies,
Grenoble, France). The following FISH probes
from Metasystems (Altlussheim, Germany)
were used to evaluate: translocations of the
immunoglobulin heavy chain gene region (IGH)
with break-apart IGH probe (catalog n®: D-5061-
100-0G, cut-off: 3%) and dual fusion probes to
determine the most common IGH partners
CCND1 (catalog n*: D-5111-100-0G, cut-off:
2%), FGFR3 (catalog n®: D-5108-100-0G, cut-
off: 2%), MAF (catalog n®: D-5112-100-0G, cut-
off: 2%) and MAFB (catalog n®: D-5105-100-
OG, cut-off: 2%); copy number of chromosomes
5, 9 and 15 with 5p15/9q22/15922 hyperdip-
loidy probes (catalog n®: D-5095-100-TC, cut-
off: 10%); amplification/deletion of 17p13
(TP53) and 17922 (LPO/MPO) with locus-spe-
cific probes (catalog n®: D-5048-100-0G, cut-
off: 10%); amplification/deletion of 1q21-22
(CKS1B) and 1p32.3 (CDKN2C) with locus spe-
cific probes (catalog n*: D-5099-100-0G, cut-
off: 10%), and monosomy-13/deletion 13q14.2
(DLEU1) and 13934 (LAMP1) with locus specif-
ic probes (D-5054-100-0G, cut-off: 10%). For
each probe 300 plasma cells were analyzed
with Metafer (Metasystems).

Statistical analysis

Statistical analyses were performed using the
SPSS version 15.0 (SPSS Inc, Chicago, IL).
ANOVA and DMS post-hoc tests were used to
analyze continuous variables. Receiver operat-
ing characteristic (ROC) was used to explore
patient PFS and to determine the optimal cutoff
values for cPCs. PFS was estimated as months
from the diagnosis date to disease progression
or death. Survival curves were plotted accord-
ing to the Kaplan-Meier method. The log-rank
test was used to estimate significant differenc-
es. Multivariate analysis of prognostic factors
for PFS and OS was performed using the Cox
proportional hazards model (stepwise regres-
sion). Hazard ratio (HR) and 95% confidence
interval were estimated. Harrell C-statistic was
obtained using STATA-14 (Somersd package).

Am J Cancer Res 2021;11(6):2736-2753



Risk stratification for plasma cell neoplasms

A
_—Q —_— 0
g §_; Doublet discrimination E’ 2._;
w _ ] wm O:
w8 53
83 gd
:IIIIIII'III|l|||l|'l[||l|'|[| -il-lllIIIl]lIIIIIIIIIIIIIII
50 100 150 200 250 50 100 150 200 250
FSC-A (% 1,000) FSC-A& (x 1,000)
0
2 o,
< <<
(- r
re %
o ey
o o
<o <,
n 2 =)
2 Q<
O o a,
oo ©%
é Aberrant PCs g 2
}E?H (o] 10"l 105 "'_’:472 0 103 104 ‘"J5
CD56 PE-Cy7-A . CD27 APC-A
B Multiple myeloma
Apoptosis: Low
o
g <
:, 5 || 3
o = 0
S *3[1.1% S ®f [21%
= =
S ©
_:_mo =L
x T % 2
o o
c c
< <
H ™
» o 10° 10 10° & o 10°

CD38 PerCP-Cy5-5-A

4
10
CD38 PerCP-Cy5-5-A

w0
$% < <
%v &: "o E. - 4
a2 - O =3
g < < 3
0 ©, L] ]
- - - B CD19+ Lymph p-g=%
8 7% T
PN w0t 100 PN et w0 PMY e et 10
CD138 V500-A CD19 PE-A CD38 PerCP-Cy5-5-A
L)
23 3
< 3 < 3 «
3 8
E‘:: o % q‘E—'—; f:'.’ E
2 3 &2 w
< ] ¥ e
2% 2o, ] 0"
o ; = =
9._ mg_ & il ) Baca
J® B 0103 ‘IU4 105 '@ " o 103 104 ;‘3 o o 103 ‘IIJd
CD3 + CD20 FITC-A Lambda cit PE-A Lambda cit PE-A
& Multiple myeloma
Proliferation: High Low
g "313.5% 8.2% | 8~ 3.8%
T ‘ :  11&bie| 5
ER < s
o 8- a &
a3 o
0w = il
o
- B 1
83 e '
I'Il"[ T III"| L] II'Ili T 'I'|'I'|'I'I'I'I'I'I'I'I'|_I-I'I'I'I'I'II'|_
10° PO R 10% oWy 10° 10°

CD38+CD138 FITC-A

CD38+CD138 FITC-A

Figure 1. Plasma cell (PC) immunophenotyping. A. Flow cytometry analysis for peripheral blood and bone marrow samples were performed with FACSCanto-Il and
DIVA Software (BD). Photomultiplier (PMT) voltages were adjusted daily using CS&T beads (BD). Fluorescence compensation was finely adjusted using negative
events for each fluorochrome as reference. A total of three millions white cells were stained for both tube-1: CD3+CD20 FITC, CD19 PE, CD38 PerCP-Cy5.5, CD56 PE-
Cy7,CD27 APC, CD45 APC-Cy7, Annexin-V V450, and CD138 BV510 (BD); and tube-2: cylgG, cylgA, cylgD, or cylgM FITC, cyLambda PE, CD38 PerCP-Cy5.5, CD56 PE-
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Cy7, cyKappa APC, CD45 APC-Cy7, CD19 BV421, and CD138 BV510 (BD). One million cells were recorded for each
tube. After doublet discrimination (in a FSC-H/FAC-A dotplot), total PCs (Blue) were identified as CD38***CD138*/**
events. Aberrant PC (cyan) were identified as CD45'ow/regatve CD1Qlewnegative . CD20*, CD56*, CD27'°wnegative  gand/or
monoclonal restriction for the heavy and/or light immunoglobulin chains (specific gating strategy was followed
for each patient based on their phenotype). Mature B cells (red) where identified as lymphocytes (FSC/SSC"")
CD19*CD45**CD387*°*, Immature B lymphocytes (pink) were defined as CD19*CD45°*CD38**. Grey cells are non-B
non-PC cells. B and C. Bone marrow PCs (CD38*CD138*) from MM patients with low and high apoptotic (Anexin-V*
blue and red events for PCs and B lymphocytes, respectively) and proliferative (Synthesis + G2/M phases of the cell

cycle analysis) rates, respectively.

P<0.05 was considered statistically signi-
ficant.

Results
Patient characteristics

Table 1 presents biological, clinical and thera-
peutic characteristics of patient. Ten-year PFS
(10y-PFS) and OS (10y-0S) rates were 86.4%
and 90.8% for MGUS, 50.0% and 75.0% for
SMM, and 40.6% and 54.5% for MM. According
to the type of treatment, 10y-PFS and 10y-0S
rates were 26.8% and 40.2% for No-ASCT
(P<0.018), 35.5% and 66.1% for ASCT with PAD
or VCD, and 60.7% and 85.5% for ASCT with
VTd or VRd (Figure 2).

Risk stratification of PCN based on aberrant
cPCs (RcPC)

Increasing percentages of aberrant cPC were
observed for MGUS, SMM and MM (0.009%+
0.006, 0.029%+0.017, and 0.87%+0.25; P=
0.009) (Figure 3A). The ROC analysis show-
ed that the cutoff value with the highest prog-
nostic capacity for PFS was 0.0035% cPC (area
under the curve, AUC-=0.753, sensitivity
=72.0% and specificity =81.0%) (Figure 3B). As
expected, increasing percentages of patients
with cPCs > 0.0035% were observed for MGUS,
SMM and MM (8.83%, 36.36% and 64.53%;
P=1x102%) (Figure 3C). Next, we explored the
prognostic capacity of cPCs > 0.0035% by itself
for PFS and 0OS. The 10y-PFS and 10y-0S rates
for patients with cPC below/over 0.0035% were
91.7%/50.0% (P=1.5%107) and 94.9%/75.0%
(P=0.013) for MGUS, 62.0%/38.5% (P=0.061)
and 90.5%/69.3% (P=0.07) for SMM, and
48.0%/28.3% (P=3.0x10*%) and 72.0%/44.6%
(P=1.1x10"%) for MM, respectively (Figure 3D).

Cox regression analysis of total PCN show-
ed that cPC > 0.0035% was an independent
prognostic factor for PFS (HR=4.389, P=
1.2x1071®, Harrell C-statistic =0.7705+0.0190)
and 0S (HR=4.286, 2.3x10°°, Harrell C-statistic
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=0.8225+0.0197) when analyzed together
with sex (shorter PFS and OS for men than
women), age (shorter PFS and OS for elders)
and standard risk stratification (HR=1.770,
P=2.5x10" for PFS and HR=2.689, 1.4x107 for
0S) (Figure 3E). Comparable HR results were
observed when MGUS, SMM and MM were ana-
lyzed separately (see Figure 3F).

To evaluate the predictive capacity of the cPC
analysis, risk stratification was calculated fol-
lowing similar criteria to those of the RISS [7],
but substituting the presence of high-risk cyto-
genetics for the presence of cPCs > 0.0035%
(“RcPC” stratification). In the case of MGUS and
SMM, high risk (RcPC-Ill) was assigned when
cPCs > 0.0035% even if b2m<.5 mg/dL (see
Figure 4A for RcPC stratification criteria).
Standard risk and RcPC stratifications showed
comparable PFS and OS curves (Figure 4B) and
similar distribution of patients within the risk
groups for MGUS, low (46.7% vs. 44.2%), inter-
mediate (50.4% vs. 47.4%) and high (2.9% vs.
8.3%) risk; for SMM, low (42.8% vs. 33.9%),
intermediate (48.2% vs. 42.8%) and high (8.9%
vs. 23.2%) risk; and for MM, low (22.3% vs.
22.3%), intermediate (65.3% vs. 59.9%), and
high (12.4% vs. 17.7%) risk (Figure 4C). It is
noteworthy that high-risk patients were slightly
more frequent in all NPCs with the RcPC than
with sRisk. Besides, similar 10y-PFS and 10y-
OS rates were observed within the sRisk and
RcPC groups for patients with MGUS, low
(93.8% vs. 95.1% and 95.3% vs. 96.7%), inter-
mediate (78.4% vs. 81.7% and 85.6% vs.
86.3%) and high (50.0% vs. 47.8% and 62.5%
vs. 69.6%) risk; SMM, low (58.3% vs. 57.8%
and 87.5% vs. 84.2%), intermediate (44.4% vs.
45.8% and 70.4% vs. 66.7%) and high (8.9% vs.
15.0% and 30.0% vs. 40.1%) risk; and MM, low
(44.4% vs. 44.4% and 79.6% vs. 79.6%), inter-
mediate (36.1% vs. 36.8% and 47.5% vs.
49.3%) and high (13.3% vs. 16.2% and 16.7%
vs. 18.6%) risk (Figure 4D). Survival curves for
MGUS, SMM and MM patients according to the
sRisk and RcPC stratifications are shown in
Figure 5.
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Table 1. Baseline characteristics of patients at diagnosis

MGUS SMM MM
(n=276) (n=56) (n=242)
Demographic, biochemical and immunological characteristics

Age, years, Mean + SEM 68.4+0.7 67.9+1.7 68.5+0.7
Female, n (%) 123 (44.6%) 33 (58.9%) 119 (49.2%)
Hemoglobin, g/dL, Mean + SEM 14.1+5.8 12.8+2.48 10.7+1.6
Serum calcium, g/dL, Mean + SEM 9.44+0.04 9.45+0.11 9.69+0.09
Serum creatinine, mg/dL, Mean + SEM 1.22+0.08 1.03+0.06 1.72+0.14
Serum albumin <3.5 g/dL, n (%) 25 (9.2%) 6 (10.7%) 83 (33.8%)
Serum b2-microglobulin €3.5 mg/dL, n (%) 81 (29.3%) 18 (32.1%) 145 (59.9%)
LDH > upper limit of normal, n (%) 45 (16.3%) 9 (16.1%) 54 (22.3%)
Serum M-protein, g/dL, Mean + SEM 1.03+0.07 1.67+0.14 2.80+0.19

Bence Jones protein, n (%)
Free light chain ratio > 20, n (%)
IgG gammopathy, n (%)
Immunoparesis, n (%)

Bone marrow plasma cells (BM-PC) counts
Total BM-PC histology, % (Mean + SEM)
Total BM-PC flow cytometry, % (Mean + SEM)

Fluorescent in situ hybridization (FISH) on purified BM-PCs

del(17p), n (%)
t(4;14) or t(14;16), n (%)
Gain of 1g21
Other alterations, n (%)*
No abnormalities, n (%)
Insufficient PC in BM aspirate, n (%)
Clinical characteristics
Osteolytic lesions, n (%)
Renal insufficiency, n (%)
Additional cardio-respiratory diseases, n (%)
Additional endocrine diseases, n (%)
Additional rheumatologic diseases, n (%)
Additional oncological malignances, n (%)
Additional hematological diseases, n (%)
Risk stratification Low/Intermediate/High, n?
Treatments®
No ASCT with VMP, Vd or Rd, n (%)
ASCT with PAD or VCD, n (%)
ASCT with VTd or VRd, n (%)

93 (33.7%)
95 (34.4%)
198 (71.7%)
97 (35.1%)

29 (51.7%) 169 (69.8%)
31(55.4%) 177 (73.1%)
32(57.1%) 130 (53.5%)
34 (60.7%) 220 (90.5%)

7.88+1.1 20.72+1.5  40.72+4.4
1.14+0.10 3.5+0.54 13.6+1.14
3 (1.1%) 3 (5.3%) 21 (8.6%)
2 (0.7%) 2 (3.5%) 13 (5.3%)
31 (11.2%) 17 (30.3%) 105 (43.3%)
28 (10.1%) 7(12.5%) 49 (20.2%)
221 (80.0%) 29 (51.7%) 70 (28.9%)
48 (17.3%) 1(1.7%) 32 (13.2%)
7 (2.5%) 4(74%) 134 (55.3%)
74 (26.8%) 14 (25.0%) 88 (36.3%)
71 (25.7%) 15 (26.7%) 63 (26.06%)
63 (23.2%) 16 (28.6%) 57 (23.5%)
30 (10.9%) 4 (7.1%) 11 (4.5%)
20 (7.2%) 7(12.5%) 25 (10.3%)
14 (5.1%) 5 (8.9%) 25 (10.3%)
129/139/8 24/27/5  54/158/30

17 (6.1%)* 11 (19.6%)* 146 (60.3%)
0 (0.0%) 3(5.3%)* 57 (23.5%)
2 (0.07%)* 11 (19.6%)* 34 (14.0%)

del(13q), other IGH translocations, hyper- or hypo-diploidy on Chromosome 5, 9, 13, 14, 15 or 17. ?Risk stratification follow-
ing standardized criteria for MGUS and SMM (score-0O= low, 1= intermediate, and 2= high) [11], [30] and MM (RISS-I= low,
ll=intermediate and Ill= high) [7] renal failure, anemia, or lytic bone lesions. *ASCT: autologous stem cell transplantation; A:
doxorubicin; C: cyclophosphamide; d: low-dose dexamethasone; M: melphalan, P: prednisone; V: bortezomib; R: lenalidomide;
T: thalidomide. *“MGUS and SMM patients who progressed to symptomatic NPCs and required treatment during the follow-up.

Higher tumor burden and proliferation and
lower apoptosis rates of BM-PC are associated
with higher RcPC

Next, we evaluated the biological characteris-
tics of BM-PCs in the RcPC groups, which
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allowed us to understand the differences in
patient survival. Decreasing PFS (77.4%, 57.2%,
and 27.8%, P=2x102%) and 0S (90.8%, 66.9%,
and 41.8%, P=2x10"8) rates observed in the
low, intermediate and high RcPC risk groups for
total NPCs (Figure 6A) were inversely associat-
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Figure 2. Survival of patients according to the type of plasma cell neoplasm (PCN) or the type of first-line treatment.
Kaplan-Meier and Log-rank tests for Progression-Free (PFS) and Overall Survival (OS) according to the type of PCN:
monoclonal gammopathy of undetermined significance (MGUS), smoldering multiple myeloma (SMM), or multiple
myeloma (MM); and according to the type of first-line treatment: No-ASCT with VMP, Vd or Rd; ASCT with PAD or VCD;
or ASCT with VTd or VRd. Ten-year PFS and OS rates are shown for each group of patients.

ed with increasing percentages (7.9%, 20.7%,
and 40.7%, P=9x1075, Figure 6B), absolute
numbers (0.58+0.1, 2.4+0.5 and 15.1+4.2
x103/ul, P=1x107¢, Figure 6C) and proliferation
rates (1.5%, 2.4% and 3.9%, P=3x10"*, Figure
6D) of BM-PCs. However, decreasing survivals
were directly associated with decreasing apop-
tosis rates of BM-PCs (8.5%, 6.2%, and 2.9%,
P=6x10°, Figure 6D).

cPCs complements predictive capacity of stan-
dard risk stratification

The study of cPCs not only allowed non-invasive
risk stratification in pre-malignant and symp-
tomatic PCNs, but also complemented the
standard risk stratification estimated by study-
ing bone marrow samples. In fact, according to
the absence/presence of cPCs > 0.0035%, we
observed 10y-PFS and 10y-OS rates of
87.3%/47.1% (P=1.2x10%) and 95.8%/81.5%
(P=0.004) for low-risk patients; 74.1%/29.0%
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(P=8.6x107%) and 83.0%/47.8% (P=2.2x107)
for intermediate-risk patients; and 33.3%/
17.4% (P=0.58) and 66.7%/21.7% (P=0.08) for
high-risk patients (Figure 7A). Noteworthy is
that 18.6% of standard low-risk and particularly
38.9% of standard intermediate-risk patients
who had cPC > 0.0035% showed PFS and 0S
rates close to those seen in standard high-risk
patients.

Similar results were observed for each type of
NPC according to the absence/presence of cPC
> 0.0035%. MGUS, SMM and MM patients
showed 10y-PFS rates of 96.6%/71.4%,
66.6%/60.0% and 55.0%/33.3% for sRisk-l
and 86.3%/25.0%, 70.0%/25.0% and 44.8%/
29.3% for sRisk-ll, respectively; and 10y-0S
rates of 97.8%/71.4%, 88.9%/80.0% and
90.0%/80.0% for sRisk-l and 89.0%/75.0%,
95.0%/75.0% and 62.0%/42.1% for sRisk-ll,
respectively (Figure 7B). The smaller number of
sRisk-lll patients did not allow for the evalua-
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Figure 3. Aberrant circulating plasma cells (cPC) numbers and prognostic capacity. A. Percentage of aberrant cPCs
(in total leucocytes) in peripheral blood of patients with monoclonal gammopathy of undetermined significance
(MGUS), smoldering multiple myeloma (SMM), or multiple myeloma (MM). P values estimated by ANOVA. B. ROC
curve analysis of cPC for Progression-Free survival (PFS). C. Frequency of patients with cPC > 0.0035% in MGUS,
SMM and MM patients. P values estimated by contingence tables and chi-squared test. D. Kaplan-Meier and Log-
rank tests for PFS and Overall Survival (OS) according to the absence or presence of cPC > 0.0035% in MGUS, SMM
and MM patients. E. Cox regression analysis for PFS and OS for sex, age, standard risk stratification (sRisk, see
Figure 4 for details) and cPC > 0.0035% in total leukocytes. F. Hazard ratio (HR) and 95% confidence interval for
progression or death in Total, MGUS, SMM, and MM patients observed in the Cox regression analysis.
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Figure 4. Prognostic utility of aberrant circulating plasma cells (cPC) on progression-free (PFS) and overall survival
(0S). A. Stratification criteria for the standard risk stratification (sRisk) and cPC-based risk stratification (RcPC).
B. Kaplan-Meier and Log-rank tests for PFS and OS according to sRisk and RcPC stratifications. C. Distribution of
patients with risk-I, -1l and -l for sRisk and RcPC stratifications in MGUS, SMM and MM. Number of patients for
each PCN stage and risk is indicated. D. Ten-year PFS and OS for sRisk and RcPC groups for MGUS, SMM and MM
patients.

tion of the impact of cPCs in patients with the pies including tandem ASCT with VTd and VRd.
highest risk for each type of NPC. Thus, RcPC stratification was able to predict
89.0% and 100% 10y-0S rates in patients with
RcPC remained predictive under any type of low RcPC risk treated with ASCT either with
therapy and clinical response PAD/VCD or VTd/VRd, compared to 44.5%,
45.5% and 45.5% 10y-0S rates in patients with
The newest therapies for malignant PCNs high RcPC risk treated with No-ASCT and ASCT
accessible in routine clinical practice are either with PAD/VCD or VTd/VRd, respectively
increasing the rate of CR and prolonging sur- (Figure 8A).
vival periods, but are also demanding adequate
biomarkers to guide risk-adapted therapies. Stringent complete response (sCR), with nega-
Certainly, the risk stratification provided by the tive MRD 3 to 6 months after therapy, was
cPCs analysis is predictive in all types of thera- achieved in 39.6%, 68.4% and 64.5% of
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Figure 5. Comparative prognostic utility of sRisk and RcPC stratifications in MGUS, SMM and MM. Kaplan-Meier and Log-rank tests for progression-free and overall
survival according to the sRisk and the RcPC stratifications.
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Figure 7. Circulating plasma cell (cPCs) analysis complements standard risk stratification. A. Kaplan-Meier and Log-
rank tests for progression-free (PFS) and overall survival (0S) according to the absence/presence of cPC > 0.0035%
in the standard risk groups (sRisk). Ten-year PFS and OS rates are indicated for each risk group. B. Ten-year PFS
and OS rates for sRisk-l and sRisk-Il MGUS, SMM and MM patients according to the absence/presence of cPC >
0.0035%.

patients from our series treated with Non-ASCT 37.0% of patients in these treatment groups,
and ASCT with PAD/VCD or VTd/VRd, respec- respectively (Figure 8B). Patients who relapsed
tively. Relapse occurred in 73.5%, 57.1% and after sCR showed lower 10y-OS rates com-
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Figure 8. Risk stratification estimated with cPCs maintains its prognostic capacity in different types of treatments
and clinical responses. A. Kaplan-Meier and Log-rank tests for Overall Survival (OS) according to the RcPC stratifica-
tion for the three types of treatments: No-ASCT with VMP, Vd or Rd; ASCT with PAD or VCD; or ASCT with VTd or VRd.
B. Percentage of patients with stringent complete response (sCR) with negative minimal residual disease (MDR)
and percentage of patients who relapsed after sCRaccording to the type of treatment. C. Kaplan-Meier and Log-rank
tests for OS according to disease relapse after sCR; and according to the RcPC stratification for no-relapsed and

relapsed patients.

pared to those who did not relapse (51.6% vs.
86.0%, P=1.6x10*) (Figure 8C). Nonetheless,
low RcPC risk was able to predict 78.6% and
100% 10y-0OS rates in relapsed and non-
relapsed patients, respectively, compared to
intermediate RcPC risk (46.7% and 70.0%) and
high RcPC risk (26.7% and 80.0%) (Figure 8C).
Therefore, high RcPC risk helped to identify
patients that after relapse will show much
reduced PFS.

Discussion

In the era of personalized cancer therapies, the
availability of clinically relevant and biologically
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meaningful biomarkers is imperative. In multi-
ple myeloma, great effort has been made to
find molecular alterations that allow for ade-
quate risk stratification [14, 36-38] and target-
ed therapies [39-41]. However, very few of
these biomarkers have been translated into
generalized clinical practice, except for the
high-risk alterations detected by FISH such as
del(17p) and t(4;14) [7], which, in combination
with albumin, b2m, and LDH, lead to a risk
stratification that overestimates intermediate
risk patients. Treatment approaches for inter-
mediate-risk patients are currently between
regimens used for low and high-risk patients
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[7]. Although the outcome of patients with MM
have drastically improved over the past decade,
considerable heterogeneity in clinical course
and survival is observed among patients with
similar risk status, suggesting that additional
factors govern the sensitivity and resistance of
myeloma therapies. In cancer, the array of
genetic alterations imprint specific proliferation
and apoptosis profiles on transformed cells,
which ultimately govern its dissemination and
the fate of the disease [42-44]. The results of
this study demonstrate that cPCs is an adverse
independent prognostic factor in MGUS, SMM
and MM, which is directly related to the prolif-
eration rate and inversely related to the apopto-
sis rate of the myelomatous cells. The presence
of cPCs at diagnosis establishes an unfavor-
able prognosis, regardless of the type of PCN,
which identifies patients at the highest risk of
progression and death. Such prognosis was
maintained throughout the clinical course of
the disease, even when patients were treated
with the most effective drugs currently used in
regular clinical practice, and even when the
therapy reached its maximum effectiveness,
CR with negative MRD.

Currently, different risk stratification systems
apply for each PCN stages; however, blood cPC-
based risk stratification is able to offer valid
risk estimation across the entire PCN spectrum
(MGUS, SMM and MM) based on the combina-
tion of parameters such as: 1) serum albumin,
b2m and LDH levels, indicative of patient clini-
cal status, tumor burden and disease activity,
respectively, and 2) cPCs, indicative of higher
tumor growth/dissemination and disease pro-
gression based on their stem cell-like features
[29]. Although, the precise biological signifi-
cance of cPCs in PCN remains largely unknown,
compared to BM-PC, cPCs display more imma-
ture phenotype, features of quiescent cells with
greater resistance to chemotherapeutic agents
and higher self-renewal potential [revised in
15]; suggesting that cPCs might constitute MM
stem cells [45] with higher resistance to cur-
rent therapeutic approaches both in ASCT eli-
gible and ineligible patients, as suggested by
the results observed in our series.

Although the presence of cPCs was described
for the first time in 1962 [46] and ever since its
prognostic value in pre-malignant and malig-
nant PCN has been undoubtedly established
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[18, 19, 22, 47, 48], the truth is that its imple-
mentation in routine clinical practice is margin-
al, which is surprising for a fast and cheap tech-
nology accessible in most centers treating MM.
It is unquestionable that the inclusion of
del(17p) and t(4;14) cytogenetic alterations has
notably improved risk stratification in MM.
However, this methodology, more laborious
and less accessible, underestimates high-risk
patients, even after the inclusion of patients
with high LDH in this group [7]. It is known that
the frequency of high-risk cytogenetics rarely
exceeds 25% [49] (13.9% in our series of MM)
and that concurrent elevated levels of LDH and
b2m are rarely observed at the onset of the dis-
ease (7% in our series of MM) [50]. In contrast,
RISS overestimates the intermediate-risk group
and, as a consequence, these patients show
notable clinical variability, indicating that some
of these patients could have benefited from
more effective first-line treatments [51]. The
truth is that in our series the presence of cPC >
0.0035% identified 18.6% of standard low-risk
and particularly 38.9% of standard intermedi-
ate-risk patients who showed rates of PFS and
OS close to those seen in standard high-risk
patients. Therefore, the benefits of risk stratifi-
cation based on cPCs are multiple, since it
makes this technology accessible to more cen-
ters worldwide and contribute to improving cur-
rent risk stratification systems, in order to offer
first-line therapies better adapted to the bio-
logical risk of patients.

The frequency of PB involvement depends on
the type of PCN and the sensitivity of the meth-
od used to detect cPCs, ranging from immuno-
cytochemistry [52, 53] to conventional 4/8
color flow cytometry [18, 19, 22, 47, 48] or the
new generation flow (NGF) [28]. NGF can detect
cPCs up to 100% in active MM and SMM and in
59% of MGUS. In contrast, the flow cytometry
method used in our study was 10 times less
sensitive than NGF and detected cPCs in
64.5%, 36.7% and 8.8% of MM, SMM and
MGUS, respectively. Although at first glance our
method might appear to have insufficient sen-
sitivity, the truth is that a cutoff of 0.0035% (35
cells in a million) was sensitive enough to offer
a good prognostic capacity both on PFS and OS
in all PCNs. In fact, in the work of Sanoja-Flores
et cols [28] a cutoff of 0.058 cPCs/ul was
established to differentiate MGUS from myelo-
ma and to confer MGUS patients a shorter pro-
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gression time to SMM or MM. Besides, a cutoff
of 0.1 cPCs/ul was set as the optimal cutoff
with a prognostic capacity for PFS and OS in
MM [28]. These results are equivalent to those
described by us, since 0.0035% in our series
was equivalent to 0.22 cPCs/pl. This small dif-
ference could be due to differences in sample
processing: in our study 200 ul of PB were
directly labeled, while in NGF the bulk-lysis pro-
cessing required 3 additional lysate/wash
steps, which could have led to selective loss of
cell populations. Other studies have estab-
lished cutoffs of 0.1% (28 time higher than
ours) [13] or 0.02% (6 time higher than ours)
[54, 55] cPCs as high-risk factor for PFS and/or
OS in MM. Therefore, and although NGF can
offer great advantages for conducting non-inva-
sive MRD studies [29], our method offers suffi-
cient sensitivity to establish at diagnosis a use-
ful risk stratification for all types of PCNs, and
can be accessible to most centers working with
conventional flow cytometry. However, the
International Myeloma Working Group (IMWG)
should promote the use of standardized meth-
ods to analyze cPCs, which would make inter-
laboratory results comparable, as well as multi-
center clinical trials to set consensual cPCs
cutoffs with the highest prognostic value, so
that this marker can be translated into clinical
practice soon.

Analysis of cPC could also facilitate risk-adapt-
ed follow-up and clinical management in MGUS
and SMM. In MGUS progression to malignant
PCNs occurs at a rate of 1% per year [8].
However, in our series, low-risk patients with
cPCs<0.0035% had progression rates 3 times
lower and high-risk patients with cPCs >
0.0035% 10 times higher, supporting a direct
negative effect of the MGUS clone inducing
severe organ damage [56]; therefore, it would
be reasonable to assess the possibility of early
treatment in these high-risk cases. In SMM,
excluding ultra-high-risk cases (BM-PC>60% or
FLC-ratio=>100) who should be diagnosed and
treated as symptomatic MM, the optimal time
for treatment remains controversial [57-59].
However, and although our data should be con-
firmed in larger series of SMM, cPC<0.0035%
identified patients with long 10-year PFS and
OS and therefore those for whom a watchful
waiting would be justified.

In general, low cPCs values at diagnosis togeth-
er with normal levels of albumin and b2m iden-
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tify patients with long OS, close to 100%,
regardless of the type of PCN, the treatment or
the response achieved. In line with previous
reports [28], our results show that these
patients will show a good long-term outcome,
even when they do not reach MRD-negativity or
they relapse after sCR. Therefore, the analysis
of cPCs seems to have prognostic value even
with the most effective drugs currently used in
clinical practice, although it should be evaluat-
ed for the new upcoming therapies such as
CART-BCMA and BITE.

These results show that risk stratification esti-
mated at diagnosis by combining blood cPC
analysis and usual biochemical parameters
provides a rapid and accessible prognosis use-
ful to identify MGUS, SMM and MM patients at
higher risk of progression and dead. The prog-
nostic capacity of cPC complemented standard
risk stratification systems for different types of
PCNs and remained valid even in MM patients
who relapsed after sCR, and therefore it would
be equally useful for the most effective drugs
used in current real-world clinical practice.
Thus, RcPC predicted a cohort of patients who
showed much shorter OS after relapse and
could benefit from early consolidation therapy,
tandem ASCT or intensive maintenance. Our
results also show that patients with high cPCs
values are associated with higher proliferation
and lower apoptosis rates which ultimately
would explain the worse clinical course of these
patients.

Acknowledgements

This work was funded by MINECO - Instituto de
Salud Carlos Il (PI20/00161); Co-funded by
European Regional Development Fund (ERDF),
“A way to make Europe”. We would like to
acknowledge hematologists collaborating in
the enrolment of patients: Drs. Catalina Cava
Almohalla, Antonio Martinez Frances, Begona
Muina Juarez, Horacio Cano Gracia, Victoriano
Beltran Agullo and laboratory technicians Maria
Carmen Martinez Solano, Maria Dolores Garcia
Arnao and Maria Elena Bernal Moreno.

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Alfredo Minguela,
Immunology Service, Hospital Clinico Universitario

Am J Cancer Res 2021;11(6):2736-2753



Risk stratification for plasma cell neoplasms

Virgen de la Arrixaca, El Palmar, 30120-Murcia,

Spain. Tel:

34968395379; E-mail: alfredo.min-

guela@carm.es

References

(1]

(2]

(3]

(4]

(5]

(6]

2750

San-Miguel JF and Mateos MV. Can multiple
myeloma become a curable disease? Haema-
tologica 2011; 96: 1246-1248.

van de Donk NW, Mutis T, Poddighe PJ, Lok-
horst HM and Zweegman S. Diagnosis, risk
stratification and management of monoclonal
gammopathy of undetermined significance
and smoldering multiple myeloma. Int J Lab
Hematol 2016; 38: 110-122.

Kyle RA, Durie BG, Rajkumar SV, Landgren O,
Blade J, Merlini G, Kréger N, Einsele H, Vesole
DH, Dimopoulos M, San Miguel J, Avet-Loiseau
H, Hajek R, Chen WM, Anderson KC, Ludwig H,
Sonneveld P, Pavlovsky S, Palumbo A, Richard-
son PG, Barlogie B, Greipp P, Vescio R, Tures-
son |, Westin J and Boccadoro M; International
Myeloma Working Group. Monoclonal gam-
mopathy of undetermined significance (MGUS)
and smoldering (asymptomatic) multiple my-
eloma: IMWG consensus perspectives risk fac-
tors for progression and guidelines for monitor-
ing and management. Leukemia 2010; 24:
1121-1127.

Pérez-Persona E, Vidriales MB, Mateo G, Gar-
cia-Sanz R, Mateos MV, de Coca AG, Galende J,
Martin-Nunez G, Alonso JM, de Las Heras N,
Hernandez JM, Martin A, Lopez-Berges C, Or-
fao A and San Miguel JF. New criteria to identify
risk of progression in monoclonal gammopathy
of uncertain significance and smoldering mul-
tiple myeloma based on multiparameter flow
cytometry analysis of bone marrow plasma
cells. Blood 2007; 110: 2586-2592.
Lakshman A, Rajkumar SV, Buadi FK, Binder
M, Gertz MA, Lacy MQ, Dispenzieri A, Dingli D,
Fonder AL, Hayman SR, Hobbs MA, Gonsalves
WI, Hwa YL, Kapoor P, Leung N, Go RS, Lin Y,
Kourelis TV, Warsame R, Lust JA, Russell SJ,
Zeldenrust SR, Kyle RA and Kumar SK. Risk
stratification of smoldering multiple myeloma
incorporating revised IMWG diagnostic criteria.
Blood Cancer J 2018; 8: 59.

Mateos MV, Kumar S, Dimopoulos MA,
Gonzalez-Calle V, Kastritis E, Hajek R, De Lar-
rea CF, Morgan GJ, Merlini G, Goldschmidt H,
Geraldes C, Gozzetti A, Kyriakou C, Garderet L,
Hansson M, Zamagni E, Fantl D, Leleu X, Kim
BS, Esteves G, Ludwig H, Usmani S, Min CK, Qi
M, Ukropec J, Weiss BM, Rajkumar SV, Durie
BGM and San-Miguel J. International Myeloma
Working Group risk stratification model for
smoldering multiple myeloma (SMM). Blood
Cancer J 2020; 10: 102.

(7]

[10]

(11]

[12]

(13]

(14]

Rajkumar SV. Multiple myeloma: 2018 update
on diagnosis, risk-stratification, and manage-
ment. Am J Hematol 2018; 93: 981-1114.
Kyle RA, Larson DR, Therneau TM, Dispenzieri
A, Kumar S, Cerhan JR and Rajkumar SV. Long-
term follow-up of monoclonal gammopathy of
undetermined significance. N Engl J Med
2018; 378: 241-249.

Kyle RA, Remstein ED, Therneau TM, Dispenz-
ieri A, Kurtin PJ, Hodnefield JM, Larson DR,
Plevak MF, Jelinek DF, Fonseca R, Melton LJ
3rd and Rajkumar SV. Clinical course and prog-
nosis of smoldering (asymptomatic) multiple
myeloma. N Engl J Med 2007; 356: 2582-
2590.

Wadhera RK and Rajkumar SV. Prevalence of
monoclonal gammopathy of undetermined sig-
nificance: a systematic review. Mayo Clin Proc
2010; 85: 933-942.

Rajkumar SV, Kyle RA and Buadi FK. Advances
in the diagnosis, classification, risk stratifica-
tion, and management of monoclonal gam-
mopathy of undetermined significance: impli-
cations for recategorizing disease entities in
the presence of evolving scientific evidence.
Mayo Clin Proc 2010; 85: 945-948.
Pérez-Persona E, Vidriales MB, Mateo G, Gar-
cia-Sanz R, Mateos MV, de Coca AG, Galende J,
Martin-Nuniez G, Alonso JM, de Las Heras N,
Hernandez JM, Martin A, Lépez-Berges C, Or-
fao A and San Miguel JF. New criteria to iden-
tify risk of progression in monoclonal gammop-
athy of uncertain significance and smoldering
multiple myeloma based on multiparameter
flow cytometry analysis of bone marrow plas-
ma cells. Blood 2007; 110: 2586-2592.
AbeY, Narita K, Kobayashi H, Kitadate A, Miura
D, Takeuchi M, O’uchi E, O’uchi T and Matsue
K. Pretreatment 18F-FDG PET/CT combined
with quantification of clonal circulating plasma
cells as a potential risk model in patients with
newly diagnosed multiple myeloma. Eur J Nucl
Med Mol Imaging 2019; 46: 1325-1333.
Zhan F, Huang Y, Colla S, Stewart JP, Hanamu-
ra |, Gupta S, Epstein J, Yaccoby S, Sawyer J,
Burington B, Anaissie E, Hollmig K, Pineda-Ro-
man M, Tricot G, van Rhee F, Walker R, Zangari
M, Crowley J, Barlogie B and Shaughnessy JD
Jr. The molecular classification of multiple my-
eloma. Blood 2006; 108: 2020-2028.

Paiva B, Paino T, Sayagues JM, Garayoa M,
San-Segundo L, Martin M, Mota |, Sanchez ML,
Barcena P, Aires-Mejia |, Corchete L, Jimenez
C, Garcia-Sanz R, Gutierrez NC, Ocio EM, Ma-
teos MV, Vidriales MB, Orfao A and San Miguel
JF. Detailed characterization of multiple my-
eloma circulating tumor cells shows unique
phenotypic, cytogenetic, functional, and circa-
dian distribution profile. Blood 2013; 122:
3591-3598.

Am J Cancer Res 2021;11(6):2736-2753


mailto:alfredo.minguela@carm.es
mailto:alfredo.minguela@carm.es

(16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

2751

Risk stratification for plasma cell neoplasms

Witzig TE, Dhodapkar MV, Kyle RA and Greipp
PR. Quantitation of circulating peripheral blood
plasma cells and their relationship to disease
activity in patients with multiple myeloma.
Cancer 1993; 72: 108-113.

Kumar S, Rajkumar SV, Kyle RA, Lacy MQ, Dis-
penzieri A, Fonseca R, Lust JA, Gertz MA,
Greipp PR and Witzig TE. Prognostic value of
circulating plasma cells in monoclonal gam-
mopathy of undetermined significance. J Clin
Oncol 2005; 23: 5668-5674.

Witzig TE, Kyle RA, O’Fallon WM and Greipp PR.
Detection of peripheral blood plasma cells as a
predictor of disease course in patients with
smouldering multiple myeloma. Br J Haematol
1994, 87: 266-272.

Bianchi G, Kyle RA, Larson DR, Witzig TE, Ku-
mar S, Dispenzieri A, Morice WG and Rajkumar
SV. High levels of peripheral blood circulating
plasma cells as a specific risk factor for pro-
gression of smoldering multiple myeloma. Leu-
kemia 2013; 27: 680-685.

Gonsalves WI, Rajkumar SV, Dispenzieri A,
Dingli D, Timm MM, Morice WG, Lacy MQ, Bua-
di FK, Go RS, Leung N, Kapoor P, Hayman SR,
Lust JA, Russell SJ, Zeldenrust SR, Hwa L,
Kourelis TV, Kyle RA, Gertz MA and Kumar SK.
Quantification of circulating clonal plasma
cells via multiparametric flow cytometry identi-
fies patients with smoldering multiple myelo-
ma at high risk of progression. Leukemia
2017; 31: 130-135.

Witzig TE, Gertz MA, Lust JA, Kyle RA, O’Fallon
WM and Greipp PR. Peripheral blood monoclo-
nal plasma cells as a predictor of survival in
patients with multiple myeloma. Blood 1996;
88: 1780-1787.

Nowakowski GS, Witzig TE, Dingli D, Tracz MJ,
Gertz MA, Lacy MQ, Lust JA, Dispenzieri A,
Greipp PR, Kyle RA and Rajkumar SV. Circulat-
ing plasma cells detected by flow cytometry as
a predictor of survival in 302 patients with
newly diagnosed multiple myeloma. Blood
2005; 106: 2276-2279.

Chakraborty R, Muchtar E, Kumar SK, Jevre-
movic D, Buadi FK, Dingli D, Dispenzieri A, Hay-
man SR, Hogan WJ, Kapoor P, Lacy MQ, Leung
N and Gertz MA. Serial measurements of circu-
lating plasma cells before and after induction
therapy have an independent prognostic im-
pact in patients with multiple myeloma under-
going upfront autologous transplantation. Hae-
matologica 2017; 102: 1439-1445.
Pardanani A, Witzig TE, Schroeder G, McElroy
EA, Fonseca R, Dispenzieri A, Lacy MQ, Lust JA,
Kyle RA, Greipp PR, Gertz MA and Rajkumar
SV. Circulating peripheral blood plasma cells
as a prognostic indicator in patients with pri-

[25]

[26]

[27]

(28]

[29]

(30]

mary systemic amyloidosis. Blood 2003; 101:
827-830.

Dingli D, Nowakowski GS, Dispenzieri A, Lacy
MQ, Hayman SR, Rajkumar SV, Greipp PR, Lit-
zow MR, Gastineau DA, Witzig TE and Gertz
MA. Flow cytometric detection of circulating
myeloma cells before transplantation in pa-
tients with multiple myeloma: a simple risk
stratification system. Blood 2006; 107: 3384-
3388.

Chakraborty R, Muchtar E, Kumar SK, Jevre-
movic D, Buadi FK, Dingli D, Dispenzieri A, Hay-
man SR, Hogan WJ, Kapoor P, Lacy MQ, Leung
N and Gertz MA. Risk stratification in myeloma
by detection of circulating plasma cells prior to
autologous stem cell transplantation in the
novel agent era. Blood Cancer J 2016; 6: €512.
Gonsalves WI, Morice WG, Rajkumar V, Gupta
V, Timm MM, Dispenzieri A, Buadi FK, Lacy MQ,
Singh PP, Kapoor P, Gertz MA and Kumar SK.
Quantification of clonal circulating plasma
cells in relapsed multiple myeloma. Br J Hae-
matol 2014; 167: 500-505.

Sanoja-Flores L, Flores-Montero J, Garcés JJ,
Paiva B, Puig N, Garcia-Mateo A, Garcia-San-
chez O, Corral-Mateos A, Burgos L, Blanco E,
Hernandez-Martin J, Pontes R, Diez-Campelo
M, Millacoy P, Rodriguez-Otero P, Prosper F,
Merino J, Vidriales MB, Garcia-Sanz R, Romero
A, Palomera L, Rios-Tamayo R, Pérez-Andrés
M, Blanco JF, Gonzalez M, van Dongen JJM,
Durie B, Mateos MV, San-Miguel J and Orfao A;
EuroFlow consortium. Next generation flow for
minimally-invasive blood characterization of
MGUS and multiple myeloma at diagnosis
based on circulating tumor plasma cells
(CTPC). Blood Cancer J 2018; 8: 117.
Sanoja-Flores L, Flores-Montero J, Puig N, Con-
treras-Sanfeliciano T, Pontes R, Corral-Mateos
A, Garcia-Sanchez O, Diez-Campelo M, Pessoa
de Magalhdes RJ, Garcia-Martin L, Alonso-
Alonso JM, Garcia-Mateo A, Aguilar-Franco C,
Labrador J, Barez-Garcia A, Maiolino A, Paiva
B, San Miguel J, Sobral da Costa E, Gonzalez
M, Mateos MV, Durie B, van Dongen JJM and
Orfao A. Blood monitoring of circulating tumor
plasma cells by next generation flow in multi-
ple myeloma after therapy. Blood 2019; 134:
2218-2222.

Lakshman A, Rajkumar SV, Buadi FK, Binder
M, Gertz MA, Lacy MQ, Dispenzieri A, Dingli D,
Fonder AL, Hayman SR, Hobbs MA, Gonsalves
WI, Hwa YL, Kapoor P, Leung N, Go RS, Lin Y,
Kourelis TV, Warsame R, Lust JA, Russell SJ,
Zeldenrust SR, Kyle RA and Kumar SK. Risk
stratification of smoldering multiple myeloma
incorporating revised IMWG diagnostic criteria.
Blood Cancer J 2018; 8: 59.

Am J Cancer Res 2021;11(6):2736-2753



(31]

(32]

[33]

[34]

[35]

2752

Risk stratification for plasma cell neoplasms

Durie BG, Harousseau JL, Miguel JS, Bladé J,
Barlogie B, Anderson K, Gertz M, Dimopoulos
M, Westin J, Sonneveld P, Ludwig H, Gahrton G,
Beksac M, Crowley J, Belch A, Boccadaro M,
Cavo M, Turesson |, Joshua D, Vesole D, Kyle R,
Alexanian R, Tricot G, Attal M, Merlini G, Powles
R, Richardson P, Shimizu K, Tosi P, Morgan G
and Rajkumar SV; International Myeloma
Working Group. International uniform response
criteria for multiple myeloma. Leukemia 2006;
20: 1467-1473.

Rajkumar SV, Dimopoulos MA, Palumbo A,
Blade J, Merlini G, Mateos MV, Kumar S, Hillen-
gass J, Kastritis E, Richardson P, Landgren O,
Paiva B, Dispenzieri A, Weiss B, LelLeu X,
Zweegman S, Lonial S, Rosinol L, Zamagni E,
Jagannath S, Sezer O, Kristinsson SY, Caers J,
Usmani SZ, Lahuerta JJ, Johnsen HE, Beksac
M, Cavo M, Goldschmidt H, Terpos E, Kyle RA,
Anderson KC, Durie BG and Miguel JF. Interna-
tional Myeloma Working Group updated crite-
ria for the diagnosis of multiple myeloma. Lan-
cet Oncol 2014; 15: e538-e548.
Flores-Montero J, Sanoja-Flores L, Paiva B,
Puig N, Garcia-Sanchez O, Bottcher S, van der
Velden VHJ, Pérez-Moran JJ, Vidriales MB, Gar-
cia-Sanz R, Jimenez C, Gonzalez M, Martinez-
Lopez J, Corral-Mateos A, Grigore GE, Fluxa R,
Pontes R, Caetano J, Sedek L, Del Canizo MC,
Bladé J, Lahuerta JJ, Aguilar C, Barez A, Garcia-
Mateo A, Labrador J, Leoz P, Aguilera-Sanz C,
San-Miguel J, Mateos MV, Durie B, van Dongen
JJM and Orfao A. Next Generation Flow for
highly sensitive and standardized detection of
minimal residual disease in multiple myeloma.
Leukemia 2017; 31: 2094-2103.

Kumar S, Paiva B, Anderson KC, Durie B, Land-
gren O, Moreau P, Munshi N, Lonial S, Bladé J,
Mateos MV, Dimopoulos M, Kastritis E, Bocca-
doro M, Orlowski R, Goldschmidt H, Spencer A,
Hou J, Chng WJ, Usmani SZ, Zamagni E, Shi-
mizu K, Jagannath S, Johnsen HE, Terpos E,
Reiman A, Kyle RA, Sonneveld P, Richardson
PG, McCarthy P, Ludwig H, Chen W, Cavo M,
Harousseau JL, Lentzsch S, Hillengass J, Pa-
lumbo A, Orfao A, Rajkumar SV, Miguel JS and
Avet-Loiseau H. International Myeloma Work-
ing Group consensus criteria for response and
minimal residual disease assessment in mul-
tiple myeloma. Lancet Oncol 2016; 17: e328-
e346.

Periago A, Campillo JA, Mrowiec A, Gimeno L,
Montes NR, Martinez-Sanchez MV, Cabanhas-
Perianes V, Garcia-Garay C, Bolarin JM, Blasco-
Mogorrén A, Muro M, Berenguer M, Moraleda
JM, Garcia-Alonso AM and Minguela A. Circu-
lating aberrant plasma cells allows risk stratifi-
cation of patients with myeloma. Am J Hematol
2016; 91: €353-e355.

(36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Castaneda O and Baz R. Multiple myeloma ge-
nomics - a concise review. Acta Med Acad
2019; 48: 57-67.

Debes-Marun CS, Dewald GW, Bryant S, Picken
E, Santana-Davila R, Gonzalez-Paz N, Winkler
JM, Kyle RA, Gertz MA, Witzig TE, Dispenzieri A,
Lacy MQ, Rajkumar SV, Lust JA, Greipp PR and
Fonseca R. Chromosome abnormalities clus-
tering and its implications for pathogenesis
and prognosis in myeloma. Leukemia 2003;
17: 427-436.

Van Wier S, Braggio E, Baker A, Ahmann G,
Levy J, Carpten JD and Fonseca R. Hypodiploid
multiple myeloma is characterized by more ag-
gressive molecular markers than non-hyper-
diploid multiple myeloma. Haematologica
2013; 98: 1586-1592.

Anwer F, Gee KM, Iftikhar A, Baig M, Russ AD,
Saeed S, Zar MA, Razzaq F, Carew J, Nawrocki
S, Al-Kateb H, Cavalcante Parr NN, McBride A,
Valent J and Samaras C. Future of personal-
ized therapy targeting aberrant signaling path-
ways in multiple myeloma. Clin Lymphoma My-
eloma Leuk 2019; 19: 397-405.

Ma T, Shi J and Liu H. Chimeric antigen recep-
tor T cell targeting B cell maturation antigen
immunotherapy is promising for multiple my-
eloma. Ann Hematol 2019; 98: 813-822.

van de Donk NW, Richardson PG and Malavasi
F. CD38 antibodies in multiple myeloma: back
to the future. Blood 2018; 131: 13-29.
Oancea M, Mani A, Hussein MA and Almasan
A. Apoptosis of multiple myeloma. Int J Hema-
tol 2004; 80: 224-231.

Holstein SA and McCarthy PL. Immunomodula-
tory drugs in multiple myeloma: mechanisms
of action and clinical experience. Drugs 2017;
77:505-520.

Mitsiades N, Mitsiades CS, Poulaki V, Chauhan
D, Fanourakis G, Gu X, Bailey C, Joseph M,
Libermann TA, Treon SP, Munshi NC, Richard-
son PG, Hideshima T and Anderson KC. Mo-
lecular sequelae of proteasome inhibition in
human multiple myeloma cells. Proc Natl Acad
Sci US A 2002; 99: 14374-14379.

Johnsen HE, Bggsted M, Schmitz A, Badker JS,
El-Galaly TC, Johansen P, Valent P, Zojer N, Van
Valckenborgh E, Vanderkerken K, van Duin M,
Sonneveld P, Perez-Andres M, Orfao A and Dyb-
keer K. The myeloma stem cell concept, revis-
ited: from phenomenology to operational
terms. Haematologica 2016; 101: 1451-1459.
Ginsberg DM. Circulating plasma cells in mul-
tiple myeloma. A method for detection and re-
view of the problem. Ann Intern Med 1962; 57:
843-846.

Kumar S, Rajkumar SV, Kyle RA, Lacy MQ, Dis-
penzieri A, Fonseca R, Lust JA, Gertz MA,
Greipp PR and Witzig TE. Prognostic value of

Am J Cancer Res 2021;11(6):2736-2753



(48]

[49]

(50]

(51]

[52]

2753

Risk stratification for plasma cell neoplasms

circulating plasma cells in monoclonal gam-
mopathy of undetermined significance. J Clin
Oncol 2005; 23: 5668-5674.

Witzig TE, Gertz MA, Lust JA, Kyle RA, O’Fallon
WM and Greipp PR. Peripheral blood monoclo-
nal plasma cells as a predictor of survival in
patients with multiple myeloma. Blood 1996;
88: 1780-1787.

Lakshman A, Painuly U, Rajkumar SV, Ketter-
ling RP, Kapoor P, Greipp PT, Gertz MA, Buadi
FK, Lacy MQ, Dingli D, Dispenzieri A, Fonder
AL, Hayman SR, Hobbs MA, Gonsalves WI, Hwa
YL, Leung N, Go RS, Lin Y, Kourelis TV, Wars-
ame R, Lust JA, Russell SJ, Zeldenrust SR, Kyle
RA and Kumar SK. Natural history of multiple
myeloma with de novo del(17p). Blood Cancer
J2019; 9: 32.

Gkotzamanidou M, Kastritis E, Gavriatopoulou
MR, Nikitas N, Gika D, Mparmparousi D, Mat-
souka C, Terpos E and Dimopoulos MA. In-
creased serum lactate dehydrongenase should
be included among the variables that define
very-high-risk multiple myeloma. Clin Lympho-
ma Myeloma Leuk 2011; 11: 409-413.
Gagelmann N, Eikema DJ, Koster L, Caillot D,
Pioltelli P, Lleonart JB, Reményi P, Blaise D,
Schaap N, Trneny M, Passweg J, Porras RP,
Cahn JY, Musso M, Poiré X, Fenk R, Itala-Remes
M, Pavone V, Fouillard L, Maertens J, Bron D,
Pouli A, Schroyens W, Schoénland S, Garderet L,
Yakoub-Agha | and Kroger N. Tandem autolo-
gous stem cell transplantation improves out-
comes in newly diagnosed multiple myeloma
with extramedullary disease and high-risk cyto-
genetics: a study from the chronic malignan-
cies working party of the european society for
blood and marrow transplantation. Biol Blood
Marrow Transplant 2019; 25: 2134-2142.
Granell M, Calvo X, Garcia-Guinon A, Escoda L,
Abella E, Martinez CM, Teixidd M, Gimenez MT,
Senin A, Sanz P, Campoy D, Vicent A, Arenillas
L, Rosifol L, Sierra J, Bladé J and de Larrea CF;
GEMMAC (Grup per l'estudi del mieloma |
I’amiloidosi de Catalunya). Prognostic impact
of circulating plasma cells in patients with mul-
tiple myeloma: implications for plasma cell leu-
kemia definition. Haematologica 2017; 102:
1099-1104.

(53]

(54]

(55]

(56]

[57]

(58]

(59]

Witzig TE, Dhodapkar MV, Kyle RA and Greipp
PR. Quantitation of circulating peripheral blood
plasma cells and their relationship to disease
activity in patients with multiple myeloma.
Cancer 1993; 72: 108-113.

Bae MH, Park CJ, Kim BH, Cho YU, Jang S, Lee
DH, Seo EJ, Yoon DH, Lee JH and Suh C. In-
creased circulating plasma cells detected by
flow cytometry predicts poor prognosis in pa-
tients with plasma cell myeloma. Cytometry B
Clin Cytom 2018; 94: 493-499.

Came N. Should we be routinely testing for cir-
culating clonal plasma cells in patients with
multiple myeloma? Cytometry B Clin Cytom
2018; 94: 559.

van de Donk NW, Palumbo A, Johnsen HE,
Engelhardt M, Gay F, Gregersen H, Hajek R,
Kleber M, Ludwig H, Morgan G, Musto P, Ple-
sner T, Sezer O, Terpos E, Waage A, Zweegman
S, Einsele H, Sonneveld P and Lokhorst HM;
European Myeloma Network. The clinical rele-
vance and management of monoclonal gam-
mopathy of undetermined significance and re-
lated disorders: recommendations from the
European Myeloma Network. Haematologica
2014; 99: 984-996.

Zhao AL, Shen KN, Wang JN, Huo LQ, Li J and
Cao XX. Early or deferred treatment of smol-
dering multiple myeloma: a meta-analysis on
randomized controlled studies. Cancer Manag
Res 2019; 11: 5599-5611.

Hernéndez JA, Martinez-Lépez J and Lahuerta
JJ. Timing treatment for smoldering myeloma:
is earlier better? Expert Rev Hematol 2019;
12: 345-354.

Kapoor P and Rajkumar SV. Smoldering multi-
ple myeloma: to treat or not to treat. Cancer J
2019; 25: 65-71.

Am J Cancer Res 2021;11(6):2736-2753



