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Monoclonal gammopathy of undetermined significance (MGUS) is the earliest discernible stage of multiple myeloma (MM) and
Waldenstrom’s macroglobulinemia (WM). Early diagnosis of MG may be compromised by the low-level infiltration, undetectable to
low-sensitive methodologies. Here, we investigated the prevalence and immunophenotypic profile of clonal (c) plasma cells (PC)
and/or cB-lymphocytes in bone marrow (BM) and blood of subjects with a serum M-component from the iSTOPMM program, using
high-sensitive next-generation flow cytometry (NGF), and its utility in the diagnostic classification of early-stage MG. We studied 164
paired BM and blood samples from 82 subjects, focusing the analysis on: 55 MGUS, 12 smoldering MM (SMM) and 8 smoldering WM
(SWM). cPC were detected in 84% of the BM samples and cB-lymphocytes in 45%, coexisting in 39% of cases. In 29% of patients, the
phenotypic features of cPC and/or cB-lymphocytes allowed a more accurate disease classification, including: 19/55 (35%) MGUS,
1/12 (8%) SMM and 2/8 (25%) SWM. Blood samples were informative in 49% of the BM-positive cases. We demonstrated the utility
of NGF for a more accurate diagnostic classification of early-stage MG.

Blood Cancer Journal (2023)13:182; https://doi.org/10.1038/s41408-023-00944-1

INTRODUCTION

Plasma cell (PC) neoplasms comprise a heterogeneous group of
neoplastic diseases of long-lived clonal (c) PC that accumulate in
bone marrow (BM), and to a lesser extent, also in other tissues
[1, 2]. Expanded cPC might also circulate in blood and they usually
secrete a monoclonal (M) immunoglobulin (Ig) (i.e., the M-
component) of the IgM, IgG, or IgA isotype, and, less frequently,
an Ig light chain (Ig-LC), that is detectable in serum and/or urine
[1-31.

Among all PC neoplasms, monoclonal gammopathy of unde-
termined significance (MGUS) is by far the most prevalent (3-5%
of adults >50 years) [3, 4]. It is defined by the presence of a smaller
(<309g/l) serum M-component and <10% BM infiltration by PC,
with no signs of myeloma-related end-organ damage [3-7]. At
present, it is well-established that IgA, I9G and Ig-LC MGUS may
progress to smoldering multiple myeloma (SMM), which has a

prevalence of 0.53% of adults >40 years [8], and (clinical/
symptomatic) multiple myeloma (MM) at a rate of =1%/year,
while SMM cases progress to MM at a higher rate of =10%/year
[3, 9-111. Progression to MM is characterized by an increase in the
percentage of BM PC (i.e., >10%) and the serum M-component
(=30 g/1), together with the emergence of end-organ damage (e.g.,
CRAB for hypercalcemia, renal insufficiency, anemia and/or
bone lesions) or occurrence of other myeloma defining events
[3, 5-7, 12]. In contrast, IgM-MGUS rarely evolves to an IgM-MM,
and more frequently progresses to a subclinical/smoldering
Waldenstrom’s macroglobulinemia (SWM), and WM with a
progressive increase in serum IgM M-protein (=30 g/l) in associa-
tion with =10% infiltration of BM by (clonal) lymphoplasmacytic
cells and, in case of WM, also organomegalies [1, 2, 6, 9, 12-16].
Thus, in both instances, intermediate/smoldering forms of the
disease (SMM or SWM) have been defined based on a yet
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subclinical disease, but higher levels of serum M-component
(=30 g/I), and/or =210% infiltration either by cPC (in the absence of
myeloma defining events) or by lymphoplasmacytic cells (in the
absence of organomegalies), respectively [3, 10, 11, 13, 15, 16]. Of
note, it has been recently proposed that SMM patients with an
80% risk of progression at two years should also be considered as
MM and offered treatment [10, 17].

In addition to typical MGUS cases, a serum M-component
associated with the involvement of extramedullary tissues (e.g.,
bone, skin and/or lymph nodes) by cPC without or with
lymphoplasmacytic cells, might also be found (with no or minimal
BM involvement) in case of solitary (and multifocal) plasmacyto-
mas and lymphoplasmacytic  lymphomas, respectively
[1, 2, 6, 18, 19], with variable rates of disease progression and
need for systemic therapy. Because of all the above, a national
screening program for MG -the Iceland Screens, Treats, or Prevents
Multiple Myeloma (iISTOPMM) project- [20] has recently started in
Iceland aimed at defining the potential utility of early diagnosis
and therapeutic interventions in subjects from the general
population who present with an MG in the absence of other
signs of disease.

Independently of the specific disease subtype, the diagnosis
and classification of PC neoplasms currently require a BM study.
However, due to the low levels of infiltration in BM, particularly at
the early phases of the disease, and the limited sensitivity and
specificity of cytomorphology for the discrimination between
normal/reactive and neoplastic PC and B-cells, these might go
undetected in current routine diagnostic practice, at the same
time coexistence of distinct unrelated populations of clonal B-cells
and/or PC might lead to misdiagnosis [21].

In recent years, next-generation flow cytometry (NGF) has
proven to be a high-sensitive technique for the detection of low
cPC and clonal B-lymphocyte levels in BM and blood based on
their uniquely distinct aberrant immunophenotype, even at the
very early stages of disease, when they are present at very low
frequencies of e.g. 107>~ 10~° [22-28]. In addition, cPC from SMM/
MM and SWM/WM has long been shown to display clearly
different immunophenotypic features, which mimic those of
normal/reactive BM PC and blood circulating plasmablasts and/
or related lymphoplasmacytic lymphoma-like B-cells, respectively
[29-31].

Here, we investigated the presence and immunophenotypic
characteristics of cPC and cB-lymphocytes in paired BM and blood
samples from a series of (otherwise) healthy adults from Iceland
who had been screened for the presence of a serum
M-component and an underlying monoclonal gammopathy
(MG) within the iSTOPMM program [20]. Our main goal was to
gain insight into the potential utility of high-sensitive NGF for the
identification and characterization of cPC and cB-lymphocytes in
BM and blood of these individuals, for more accurate diagnosis
and classification of patients presenting with MG, particularly at
the (very) early stages of disease.

MATERIALS AND METHODS

Patients and samples

A total of 82 (otherwise) healthy adults aged >40 years (44 men and 38
women; median age of 67 years, ranging from 45 to 86 years) with a
positive screening for a serum M-component by high-sensitive capillary
zone electrophoresis and/or an altered free-Ig light chain (FLC)-ratio (The
Binding Site Group Ltd, Birmingham, UK) [20] from the iSTOPMM project
who were referred for a confirmatory serum M-component and underwent
a BM aspiration procedure in a follow-up visit, fulfilling the diagnostic
criteria for SWM/lymphoplasmacytic lymphoma, MGUS or SMM according
to the International Myeloma Working Group (IMWG) [3, 5, 6], were
selected to be further enrolled in this study. Subjects with prior diagnosis
of lymphoproliferative disorders or with mature B cell/plasma cell
neoplasms other than SWM, MGUS, and SMM, were excluded from this
study. Following the IMWG diagnostic criteria [3, 5, 6], 82 subjects were
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initially enrolled in the study and subsequently classified into the following
disease categories: i) MGUS, 55 subjects; ii) SMM, 12 patients; iii) MM, one
case; iv) SWM, 8 donors; v) plasmacytoma, one case; and vi) one chronic
lymphocytic leukemia (CLL) subject. In the remaining 4 individuals, the
presence of a serum M-component was not confirmed in subsequent
evaluations performed after the initial screening and were therefore
classified as transient M-component cases [32]. Sample analysis was
performed blindly from the distribution of subjects by disease category
groups. Based on the predefined exclusion criteria, 7/82 cases (one
diagnosed with symptomatic MM, one with plasmacytoma, one with CLL
and 4 with a transient M-component) were further excluded from
subsequent analyses. The remaining 75/82 subjects (MGUS, SMM, and
SWM), represented the core series included in the analyses performed in
this study.

A total of 150 EDTA-anticoagulated (paired) BM aspirated samples (2 ml/
sample; n=75) and blood samples (10 ml/sample; n = 75) were collected
in Iceland from the 75 individuals enrolled in this study and sent by
overnight express courier to the University of Salamanca (Salamanca,
Spain) for processing within 36 h after collection.

All subjects enrolled in this study provided their informed consent to
participate according to the Declaration of Helsinki. The study met the
ethics criteria of Iceland and Spain and was approved by the Icelandic
National Bioethics Committee (NCT03327597) as well as by the Icelandic
Data Protection Agency, permission being granted from the Spanish
Ministry of Health for the transfer of all biological samples for this study
(Registration number: 2020/252).

Immunophenotypic studies

Paired BM (1 ml) and blood (4 ml) samples from each subject were stained
in parallel with the EuroFlow NGF-MM minimal residual disease (MRD) (2-
tube, 8-color) antibody (Ab) panel [26] (Supplementary Table 1, Panel A)
and the Lymphoid Screening Tube [28] (Supplementary Table 1, Panel B),
using the BD OneFlow (BD, Becton/Dickinson Bioscience, San Jose, CA,
USA) dried tubes [33] as per the EuroFlow standard operating procedures
(SOPs) for sample preparation and staining available at www.euroflow.org
[26, 34]. Stained samples were acquired in FACSCanto™ Il (BD) or
FACSLyric™ (BD) flow cytometers for a median number of 107 (2-15 x 10°)
and 1.3x10° (0.2-5x10% cells, respectively. For (automated) flow
cytometry data analysis, the Infinicyt™ software (version 2.0.5.d; Cytognos
SL., Salamanca, Spain) was used. Following previous criteria [26], the limit
of detection for each cell population was set at >20 cells.

Clonal PC and c¢B-lymphocytes were identified based on their unique
aberrant phenotypes and/or Ig-LC restriction [26, 27]. Flow cytometry-
based immunophenotypic criteria were subsequently applied for further
phenotypic classification of the clonal/aberrant PC and B-lymphocytes
[13, 35, 36], which included: i) the presence of cPC and/or cB-cells in BM
and; ii) the specific immunophenotypic characteristics of such cPC and ¢B-
lymphocytes, respectively [13, 35, 36].

Statistical methods

The Spearman’s correlation coefficient (Spearman’s Rho) was used to
calculate the degree of correlation between two (quantitative) variables.
The Fisher’s exact test and, either the Mann-Whitney U or the Kruskal-
Wallis tests, were used to assess the statistical significance of differences
observed between groups of individuals for categorical and continuous
variables, respectively. In turn, the MacNemar test was employed for the
comparison of paired BM vs blood data. Bilateral significance was
determined in these tests. Receiver operating characteristic (ROC) curve
analysis was used to calculate the area under the curve defined by the
percentage of cPC with respect to total BM PC that best distinguished
between different disease groups. For all statistical analysis, the SPSS IBM-
Statistical software Package for Social Sciences (SPSS v25.0; IBM Corp,
Armonk, NY, USA) was used. Statistical significance was set at p
values < 0.05.

RESULTS

Serum M-component isotype and concentration

A persistent serum M-component and/or Ig-LC was detected in all
(75/75, 100%) of the subjects investigated. IgG was the most
frequently detected M-component (31/75, 41%), followed by IgM
(26/75, 35%), IgA (14/75, 19%) and Ig-LC (3/75, 4%). One (1/75, 1%)
case showed two different (IgG/k and IgM/k) M-peaks. The
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Table 1.

Frequency of clonal plasma cells (cPC) and clonal B-lymphocytes (cB-cells) in BM of included subjects presenting with an M-component in

serum distributed according to diagnosis as per the IMWG criteria (n = 75/82).

Diagnosis Clonal B-cell type

cPC only cPC + cB-cells
MGUS (n = 55) 27 (49%)" 17 (31%)"
SMM (n=12) 7 (58%)" 5 (42%)
SWM (n = 8) 0 (0%) 7 (88%)"
p value 0.02 0.009
Total (n=75) 34/75 (45%) 29/75 (39%)

p value Total
cB-cells only
5 (9%)" <0.001 49 (89%)
0 (0%)" 0.008 12 (100%)
0 (0%)' <0.001 7 (88%)
0.38 0.47
5/75 (7%)" <0.001 68/75 (91%)

IMWG International Myeloma Working Group, MGUS monoclonal gammopathy of undetermined significance, SMM smoldering multiple myeloma, SWM

smoldering Waldenstrém’s macroglobulinemia.
"p < 0.05 vs SWM; "p < 0.05 vs cPC; 'p < 0.05 vs cPC+cB-cells.

Table 2. Phenotypically related clonal plasma cells (cPC) and clonal
B-lymphocytes (cB-cells) coexisting in included subjects presenting
with a serum M-component distributed according to diagnosis as per
the IMWG criteria (n = 29).

Diagnosis Related cPC + cB-cells
MGUS (n=17) 8 (47%)

SMM (n =5) 1 (20%)

SWM (n =7) 6 (86%)"

p value <0.001

Total (n =29) 15/29 (52%)

"p < 0.05 vs other groups.

IMWG International Myeloma Working Group, MGUS monoclonal gammo-
pathy of undetermined significance, SMM smoldering multiple myeloma,
SWM smoldering Waldenstrom'’s macroglobulinemia.

distribution of the different serum M-components per diagnostic
category was as follows: MGUS, 24/55 subjects (43%) had an IgG M-
component, 18/55 (33%) were IgM, 11/55 (20%) IgA and 2/55 (4%)
LC cases; SMM, 7/12 (58%) 19G, 3/12 (25%) IgA, 1/12 (8%) LC and 1/
12 (8%) IgG plus IgM subjects; and, SWM, 8/8 (100%) IgM cases per
definition (Supplementary Table 2). Median (range) concentration
of the M-component in serum increased from 0.8 g/l (<0.1-8.8 g/I)
in MGUS to 2.5 g/l (0.4-17.2g/l) in SWM and 7.1 g/I (<0.1-15.8 g/I)
in SMM.

Prevalence of clonal PC and/or clonal B-lymphocytes in
healthy adults presenting with a serum M-component
Overall, cPC and/or cB-lymphocytes were detected in BM and/or
blood of 68/75 (91%) individuals investigated. These included 49/
55 MGUS (89%) subjects, 12/12 SMM patients (100%) and 7/8
SWM subjects (88%) (Table 1). As detailed in Table 1, cPC were
found in the great majority (63/75, 84%) of MG cases, while cB-
lymphocytes were detected in less than half of the same
individuals (34/75, 45%). In 34/75 (45%) subjects only cPC in the
absence of cB-lymphocytes were found, while 5/75 (7%) cases
displayed cB-lymphocytes without cPC, both populations of cPC
and cB-lymphocytes coexisting in the remaining 29/75 (39%)
subjects. For a detailed description of the frequency and type of Ig
on each diagnostic category and their distribution according to
the clonal cell type detected, see Supplementary Table 2. Among
MGUS cases, cPC were detected in most (44/55, 80%) patients,
either alone (27/55, 49%) or together with cB-lymphocytes (17/55,
31%). From the remaining MGUS subjects, 5/55 (9%) showed only
cB-lymphocytes, while no clonal PC nor cB-lymphocytes were
found in the other 6/55 (11%). In turn, 12/12 SMM patients
showed cPC either in the absence (7/12, 58%) or the presence
(5/12, 42%) of coexisting cB-lymphocytes. Finally, the coexistence
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of cPC and cB-lymphocytes was confirmed in all but one SWM
patients (7/8, 88%), in whom no cPC or cB-lymphocytes were
detected.

Interestingly, in half of those individuals harboring both cPC
and cB-lymphocytes (15/29, 52%), both (clonal) cell populations
displayed closely related phenotypic features, including the same
Ig light chain. These mostly consisted of SWM (6/7, 86%) and
MGUS cases (8/17, 47%), in addition to 1/5 (20%) SMM patients
(Table 2). Among those 14/29 (48%) cases with coexisting but
phenotypically unrelated cPC and cB-lymphocytes, the later cells
showed immunophenotypic features of CLL-like MBL in 4/4
(100%) SMM patients and in 7/10 (70%) MGUS cases, non-CLL-
like MBL clones being found in the other 3/10 (30%) MGUS
individuals.

Utility of immunophenotyping for the diagnostic classification
of patients with a serum M-component
Detailed analysis of the phenotypic features of cPC and cB-
lymphocytes found in patients classified into the different
diagnostic subtypes of PC neoplasms by the IMWG criteria [6]
showed discrepancies in 22/75 (29%) cases. These included a
significant fraction of MGUS (19/55, 35%), together with fewer -2/8
(25%)- SWM cases, and one SMM -1/12 (8%)- patient (Table 3).
Among the 19 discrepant MGUS cases, most corresponded to
IgM-MGUS (16/19, 84%), another 2/19 (11%) were IgG-MGUS and
the remaining patient had been classified as LC-MGUS (1/19, 5%)
(Table 3, Supplementary Table 3). Interestingly, in half of the
discrepant IgM-MGUS cases, cPC coexisted with cB-lymphocytes
with a WM-like immunophenotype (8/16, 50%), while the other
discrepant MGUS cases (11/19, 58%) included 8/16 IgM-MGUS in
whom cPC could not be detected in BM nor in blood, either in the
absence of other cB-cells (4/8, 50%) or in the presence of CLL-like
or non CLL-like MBL ¢B-lymphocytes (4/8, 50%). The remaining 3
discrepant MGUS cases corresponded to 2 subjects (one IgG and
one Ig-LC) without evidence of clonal cells, and one IgG showing
only cB-cells. Among SWM patients, the 2/8 discrepant cases were
due to the lack of cPC and cB-lymphocytes as detected by NGF in
one case, and the coexistence of IgM cPC with a typical MM-like
phenotype and an unrelated CLL-like MBL cB-cell population
suggesting independent disorders. Finally, the (single) SMM
discrepant case showed co-existence in serum of two IgG/k and
IgM/k M-components, associated with phenotypically related cPC
and cB-lymphocytes, both expressing Igk, with an WM-like
phenotype.

Presence of clonal PC and/or B-lymphocytes in BM vs blood

Overall, circulating cPC and/or cB-lymphocytes were found in 33/
75 (44%) cases investigated, including half (33/68, 49%) of those
cases who carried cPC and/or cB-lymphocytes in BM (Fig. 1A,
Supplementary Table 4). These consisted of 22/55 (40%) MGUS
-22/49 (45%) MGUS positive cases in BM-, 8/12 (67%) SMM, and
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Table 3. Immunophenotypic profile of clonal plasma cells (cPC) and clonal B-lymphocytes (cB-cells) identified in 22 patients presenting with a
discrepant immunophenotypic profile of c¢B-cells and/or cPC as compared to the established diagnosis according to the IMWG criteria [6].
Diagnosis Serum N. of*discrepant Immunophenotypic profile of clonal PC and B-cells p value
M-component cases (n=22)
No cPC or cB- MM-like WM-like cB- MBL-like
cells detected cPC (n=34) cells and cPC cB-cells
(n=7) (n=15) (n=5)
MGUS 19/55 (35%)
(n=55) IgM (n = 18) 16/18 (89%) 4 (25%) 0 (0%)’ 8 (50%) 4 (25%) 0.01
1gG (n = 24) 2/24 (8%) 1 (50%) 0 (0%) 0 (0%) 1 (50%) 0.45
Light-chain (n =2) 1/2 (50%) 1 (100%) 0 (0%) 0 (0%) 0 (0%) 0.26
SMM 1/12 (8%)
(h=12) 19G + IgM (n = 1) 1/1 (100%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 0.26
SWM (n =8) 2/8 (25%)
IgM (n = 8) 2/8 (25%) 1 (50%) 1 (50%)" 0 (0%) 0 (0%) 0.45
p-value 0.44
Total 22/75 (29%) 7/7 (100%) 1/34 (3%)' 9/15 (60%) 5/5 (100%) 0.04
(n=175)

BM bone marrow, cB-cells clonal B-lymphocytes, cPC clonal plasma cells, IMWG International Myeloma Working Group, MGUS monoclonal gammopathy of
undetermined significance, MBL monoclonal B-cell lymphocytosis, MM clinical/symptomatic multiple myeloma, PC plasma cell, SMM smoldering multiple
myeloma, SWM smoldering Waldenstrém’s macroglobulinemia, WM Waldenstrom’s macroglobulinemia.

*Based on the presence and the immunophenotypic characteristics of cPC and/or cB-cells in BM [35]; “this sample showed additional MBL-like cB-
lymphocytes; 'p < 0.05 vs WM-like cB-lymphocytes and cPC; p < 0.05 vs MM-like cPC.

In bold, the total number of cases per disease category and per population(s) of clonal cells detected.

3/8 (38%) SWM -3/7 (43%) SWM positive subjects in BM- (Fig. 1A,
Supplementary Table 4). Briefly, circulating cPC were detected in
blood of 12/34 (35%) cases showing cPC (only) in BM -5/12 (42%)
SMM and 7/55 (13%) MGUS cases- (Fig. 1A, Supplementary
Table 4). Among those individuals who showed both cPC and cB-
lymphocytes in BM (29/75, 39%), both populations were also
detected in blood in 8/29 (28%) cases -2/8 (25%) SWM, 2/12 (17%)
SMM and 4/55 (7%) MGUS cases- (Fig. 1A, Supplementary Table 4).
In the remaining cases with coexisting cPC and ¢B-lymphocytes in
BM (21/29, 72%) no circulating cPC populations were found.
However, in 8/21 (38%) of these later subjects, including 6/8 (75%)
MGUS, 1/8 (12%) SWM and 1/8 (12%) SMM cases, clonal (CLL-like
or non-CLL-like) MBL populations were identified; the other 13/21
(62%) cases showed neither cPC nor cB-lymphocytes circulating in
blood and they included 7/13 (54%) MGUS, 4/13 (31%) SWM and
2/13 (15%) SMM (Fig. 1A, Supplementary Table 4). Finally, in all
cases in which a ¢B-lymphocyte population had been detected in
BM in the absence of cPC (5/75, 7%), these were also present in
blood (5/5, 100%) in the MGUS patients (Fig. 1A, Supplementary
Table 4). Interestingly, in one SMM case with an IgG serum M-
component, two different cPC (Igk and IgA, with otherwise
overlapping phenotypic characteristics) together with a CLL-like
MBL clone were detected in blood, while a single cPC population
(Ig\) together with a CLL-like MBL was found in BM (Fig. 1A).

Overall, the number of circulating cPC and/or cB-lymphocytes in
blood significantly correlated (rho=0.51; p<0.001) with the
percentage of clonal cells (cPC plus cB-lymphocytes) in BM (Fig.
1A), particularly among cases who had only cB-lymphocytes in the
absence of cPC (rho=1; p <0.001). Of note, progressively higher
(median; range) percentages of BM clonal cells were found in
MGUS (0.34%; <0.0002-22.2%), SWM (1.2%; <0.0002-61%)
(p=0.08 vs MGUS) and SMM (2.3%; 0.6-17.8%) patients
(p =0.003 vs MGUS), while no significant differences were found
in the median (range) distribution of clonal cells (cPC or cB-
lymphocytes) in blood between MGUS (<0.01 cells/pl; <0.01-1 053
cells/pl), SWM (<0.01 cells/ul; <0.01-32.2 cells/pl) and SMM (0.04
cells/pl; <0.01-4.8 cells/pl) (p =0.57).

Furthermore, in 13 (17%) cases with cPC, and in 12 (16%) cases
with cB-cells, BM analysis revealed the presence of >2 unrelated
PC and/or B-cells clones, while this was also found in blood in a
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minority -1/13 (8%) and 4/12 (33%), respectively- of those
same cases.

Correlation between the serum M-component and the number
of clonal PC in blood and BM

The number of cPC in blood (rho = 0.24; p = 0.04) and, particularly
in BM (rho =0.48; p <0.001) (MGUS, rho = 0.37, p =0.005; SMM,
rho = 0.47, p =0.12; and SWM, rho = 0.78, p = 0.02), significantly
correlated with the concentration of the serum M-component. In
line with these findings, significantly higher numbers of cPC in BM
(p<0.001) and in blood (p=0.007) were found in cases
presenting with <1g/l vs >1g/l of M-component in serum
(Fig. 1B, Q).

Association between the percentage of cPC/total PC in BM and
B-cell counts in blood in the distinct diagnostic subtypes of
MG

Overall, a significantly higher (median; range) percentage of cPC/
total PC in BM was observed in SMM (89.6%; 51.2-99.5%)
compared to MGUS (27.6%; 0-98.2%) (p <0.001) and to a lesser
extent also, SWM cases (42.4%; 0-93.2%) (p =0.03). ROC curve
analysis showed that the presence of >60% cPC from all BM PC,
was the most accurate cut-off value to discriminate between
MGUS and SMM -area under the curve (AUC) of 0.873; p <0.001-
with a sensitivity of 91.7% and a specificity of 70.9% (Fig. 2A).
Similarly, the presence of 57.4% cPC/total BM PC also allowed
discrimination between SMM and SWM (AUC of 0.823; p =0.02)
with a similar sensitivity (91.7%) and specificity (62.5%) (Fig. 2B). In
contrast, the percentage of cPC/total BM PC was similar in MGUS
and SWM and did not allow clearcut distinction between both
diagnostic entities (p = 0.39) (Fig. 2C).

Importantly, at the early stages of MG (MGUS and SMM) a
tendency towards an inverse correlation was observed between
the percentage of cPC -both out of nucleated cells (rho =-0.173;
p=0.14) and within the total PC population (rho=-0.179;
p =0.12)- and the relative distribution of other B-cell population
compartments (e.g., B-cell precursors) in BM (Fig. 2D, E respec-
tively), such inverse correlation being more pronounced in SMM
patients (rho =-0.566; p =0.06). In line with these findings, a
significant (inverse) correlation was also found between the

Blood Cancer Journal (2023)13:182



A)
10% M

rho=0.51
p<0.001

103 -

102 -

10

1 -

0i15

<0.01 7

Clonal B-cells and PC in blood (cell/ul)

Not
detected

L09°°7'°/°09°1°/°0.°‘°/° ok wk ag% \gok

% clonal B-cells and PC/nucleated cells in BM

B) 20 = 1
1 rho=0.48
| p<0.001 °
16 : o
: ]
E: : =
e 1
= 12 1
[] 1 [}
g 1
I
<% @
£ 8- l %)
o 1 HA
2 |
S Y W _#
L™ I . a8 =
° é ‘5.
I
i@ Aa@flel
I
PN | ) S
Not detected ; T T T T T 1
ofo ofo ofo ofo ofo ofo olo
0001« & pg‘\ Qp’\- oY A A0 ,\‘QQ
0
% cPC/nucleated cells in BM
C)
209 | rho=0.24
s | P 0.04
164 | =
= 1
~
50 o™ n="55/75 | n=20/75
£ 124 : (73%) | (27%)
g L g n=0/75 | n=0/75
S Al (0%) (0%)
g s “Be
o ! H A
(:J 1
I
. .”v | : o
I
(¢
: [ ]
, HA (]
0.1 —| === ¢ ®m
I
S <o
Ll I L A
Not detected ; T T T 1
<0.01 0.1 1 10 100

cPC in blood (cells/pl)

percentage of cPC in BM and the number of normal mature
B-lymphocytes circulating in blood (rho=-0.267; p=0.02)
(Fig. 2F), even when MGUS and SMM subjects were separately
considered -(rho =-0.351; p =0.009) and (rho =-0.441; p =0.15),
respectively.
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DISCUSSION

MM and WM are malignant hematological neoplasms character-
ized by the presence of a serum M-component secreted by an
expanded population of cPC, which are preceded by an MGUS,
followed by intermediate SMM or SWM stages [1, 2]. In recent
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Fig. 1 Relationship between the number of cPC and cB-lymphocytes in BM and blood and the concentration of serum M-component in
individual subjects. In (A), the correlation between the number of clonal plasma cells and clonal B-lymphocytes in BM (percentage values)
and blood (number of cells/pl and percentage values) observed for each color-coded individual according to diagnosis is shown. B and
C show the correlation between the concentration of serum M-component and the number of clonal plasma cells in bone marrow and in
blood of the same individuals, respectively. In all plots, MGUS patients are depicted in green, SMM cases are colored in orange and SWM in
blue. In (A), the type of clonal cell detected is distinguished by shapes: circles, cPC only; squares, coexisting cPC and cB-lymphocytes; triangles,
cB-lymphocytes only; and empty rhombs, no clonal cells. In turn, in (B and C) (left plots) distinct shapes denote the type of serum M-
component: circles, IgM+; squares, IgG+; triangles, IgA-+; rhombs, light chain; and empty rhombs, no paraprotein. Box plots in (B, C) (right
plots) show median values (middle line), the 25th and 75th percentile values (boxes), minimum and maximum values (whiskers) and the
percentages of cPC in BM for each individual case (inner circles). BM bone marrow, cB-cells clonal B-lymphocytes, cPC clonal plasma cells,
MGUS monoclonal gammopathy of undetermined significance, PNQ positive not quantifiable, SMM smoldering multiple myeloma, SWM
smoldering Waldenstrém’s macroglobulinemia. 'Detection of two cPC and one cB-cell populations in blood and one cPC and the cB-cell
populations in BM; “Two M-peaks detected by immunofixation, IgG and IgM; “Two M-peaks detected by immunofixation, IgM and IgM; *Two

zll-peaks detected by immunofixation, IgG and IgG.

years, several risk factors have been identified which are
associated with a greater risk of progression from MGUS, SMM
or SWM to MM and WM, respectively. Preliminary data on
(ultrahigh-risk) SMM and, to a lesser extent, also MGUS patients,
but not SWM [16, 37], support a potential benefit for early
therapeutic interventions [10, 17, 20]. These observations have
highlighted the potential utility of screening for the presence of a
serum M-component in the general population. However, at these
early stages of PC neoplasms, low levels of BM infiltration by clonal
PC and/or B-cells are detected (in association with smaller serum
M-component) which might go undetected by conventional
cytological and histopathological approaches [26, 38, 39]. Such
limitation might be overcome through the use of NGF techniques
because of their higher sensitivity for the identification and
immunophenotypic characterization of minimal numbers of cPC
and cB-lymphocytes both in BM and blood [26, 40]. Here, we used
NGF to investigate its potential utility in confirming the presence
of neoplastic B-cells in healthy subjects and patients presenting
with a serum M-component in a routine laboratory screening test,
and its contribution to a more accurate classification of the
underlying PC disorder independently of the isotype of the
secreted M-protein.

Overall, the concentration (median) of the M-component found
in MGUS cases in our cohort was significantly lower than that
observed in previous series reported in the literature, based on
both hospital-referred patients (5-12g/l) [41-43] and other
population-based studies (3.9 g/l) [44], which probably reflects
the diagnostic screening strategy carried out within the study [20],
potentially translated also in a higher frequency of cases adjusted
per age.

Despite the lower serum M-component levels found in our
versus the previously reported cohorts [41-44], NGF demonstrated
the presence of cPC cells in the BM of 84% of cases with a
persisting serum M-component associated with a population of
clonal B-lymphocytes in nearly half (46%) of these cases. Of note,
both clonal cell populations coexisted in more than a third of
these individuals, among whom they shared immunophenotypic
features consistent with related conditions in half of the cases. As
expected, virtually all SMM cases showed the presence of cPC in
BM in the absence of related cB-lymphocytes [1-3, 5-7], coex-
istence of cB-lymphocytes systematically corresponding to CLL-
like MBL, except for one individual showing SWM-like features
associated with two M-peaks (a major IgGk-peak and a minor
IgMk-peak) [1, 2, 13, 15, 16]. In contrast, almost every SWM case
showed coexistence of two related populations of ¢cPC and ¢B-
lymphocytes, with an immunophenotypic profile consistent with a
diagnosis of SWM in all but one patient who had cPC consistent
with SMM/MM coexisting with a CLL-like MBL [1, 2, 13, 15, 16].
These results support the diagnosis of an IgM (MM-like) MGUS in
the later subject, in contrast to the other IgM-SWM cases, pointing
out the utility of NGF for the (currently challenging) differential
diagnosis between IgM-MGUS and other IgM-related neoplasms

SPRINGER NATURE

(e.g., SWM) [45-47]. In contrast, the immunophenotypic profiles
found in MGUS cases were significantly more heterogeneous,
typically consisting of a cPC population alone or together with
either a coexisting CLL-like or a non-CLL-like MBL population in
two-thirds of the cases. In the remaining MGUS cases, no cPC were
detected or two related populations of cPC and cB-lymphocytes
sharing SWM-like immunophenotypic profiles associated with the
presence of an IgM-peak in the serum, were identified
[1, 2, 13, 15, 16]. Overall, this later case plus two other IgM-
MGUS cases found to display MM-like immunophenotypic profiles
in their cPC, suggest a relatively higher incidence (4% vs 0.5-1% of
MG) of IgM-MM-like MGUS cases in our vs previous cohorts
[45-47]. Further detailed (e.g., genetic) characterization of cPC
from these patients is required for their accurate diagnostic
classification (via e.g., demonstration of the presence vs absence
of the MYD88-%5" mutation in MM-like IgM-MGUS vs SWM)
[45-47]. Of note, in around half of the other MGUS cases who
showed no cPC in the BM, cB-lymphocytes with a CLL-like
phenotype or, to a lesser extent, non-CLL-like MBL features, were
detected; whether in the non-CLL-like MBL cases the clonal
B-lymphocytes are responsible for the serum M-component
remains to be established. Interestingly, however, in both the
MGUS and the SWM cases in whom no cPC nor cB-lymphocytes
were detected the median serum concentration of the
M-component was significantly lower than that of the other
MGUS and SWM cases, supporting the notion that these might
correspond to the earliest stages of disease in which cPCin BM are
below the detection limit of the NGF techniques. In line with this
hypothesis, a significant correlation was observed in our cohort
between the number of cPC (and cPC plus cB-cells) in BM or blood
and the serum concentration of the M-peak, similarly to what has
been previously reported in the literature [48-50]. Alternatively,
the putative M-component found in these cases might also
include a fraction of false positive cases, in whom longer follow-up
studies are needed to confirm the reactive vs neoplastic nature of
the M-peak. Interestingly, here we also confirm previous observa-
tions in hospital-based MGUS and SMM patients that the
percentage of cPC in the BM by NGF clearly differs between
MGUS and SWM on one side, and SMM on the other side, which
reflects the different rates of expansion and accumulation of
pathological cPC in BM throughout the whole spectrum of these
diseases. Noteworthy, MBL (mostly CLL-like MBL) was detected in
a significant fraction of our cases, its frequency being higher
among individuals with (vs without) a coexisting cPC population.

Previous studies have shown the presence of circulating cPC by
NGF in blood of a high percentage of SMM and MM, and to a less
extent also MGUS cases [51-54], which could be used at diagnosis
for a more comprehensive management of these patients, as
regards the timing to perform a BM study. Thus, an additional goal
of our study was to investigate the presence of circulating cPC in
the blood of our subjects, in parallel to the BM study. Overall, in
more than a third of those cases who showed cPC in BM, a cPC
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Fig. 2 Impact of the percentages of cPC in BM on disease classification and normal B-cell production. In (A-C) receiver operating
characteristic (ROC) curve plots showing the power of percentage values of cPC/from all BM PC to discriminate between MGUS and SMM (A;
61%), SMM and SWM (B; 57.4%) and between MGUS and SWM (C; no discrimination power), are shown. In (D-F) the correlation between the
percentage of B-cell precursors in BM vs the percentage of cPC from all BM nucleated cells (D) and BM PC (B) are shown, while in (F) the
correlation between number of normal circulating B-lymphocytes in blood and the percentage of cPC from all BM nucleated cells is displayed.
In Panels D-F, MGUS patients are depicted in green, SMM cases in orange and SWM in blue. AUC area under the curve, BM bone marrow, cPC
clonal plasma cell, MGUS monoclonal gammopathy of undetermined significance, PC plasma cell, SMM smoldering multiple myeloma, SWM
smoldering Waldenstrom’s macroglobulinemia.
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population with an identical immunophenotype was also found in
blood. In addition, the majority of cases with coexisting cPC and
cB-cells and all of those who had only clonal mature
B-lymphocytes in BM, showed circulating cB-lymphocytes in blood
as well. Despite previous reports from our group and others
[51, 55] have found higher rates of circulating cPC in MGUS and
SMM as compared to our current data, the lower rate reported
here might be due to the differences in the nature of the distinct
patient cohorts, since our cohort is based on a screening
performed in the general population whereas the others
correspond to hospital-based series [56, 57]. In line with this
hypothesis, a significant correlation was found here between the
percentage of clonal B-cells and cPC in BM and both their
percentage and absolute number in blood, as well as between the
percentage of cPC in blood and the serum concentration of the
M-component [1-3, 58].

Most interestingly, here we found an inverse correlation
between the percentage of c¢PC in the BM and both the
percentage of BM B-cell precursors and the blood B-lymphocyte
counts, supporting the notion that progressive accumulation of
cPC in the BM of MG patients not only replaces normal PC in their
BM niches, but it also progressively affects normal B-cell
production, already at very early stages of disease [51, 59].

In summary, our results demonstrate that NGF immunopheno-
typic analysis of BM and, to a lesser extent also, blood samples
from individuals at the very early stages of MG, provides
complementary data to that obtained through conventional
diagnostic procedures via a more precise definition of the clonal
nature of the (either related or unrelated) cell populations involved,
and contributes to a more accurate diagnosis and classification of
PC neoplasms in around one third of MG presenting with a serum
M-component in screening programs like iSTOPMM, being
particularly useful in distinguishing SWM from IgM-MGUS cases.
Based on these results, we envisage that high-sensitive blood
investigation of circulating cPC and cB-cells might be included in
the initial diagnostic workup of MG, to support disease diagnosis
and classification and to help optimizing the timing of BM
evaluation. The relative simplicity, high sensitivity, short time to
results and worldwide availability of NGF, further facilitate the
incorporation of the proposed assay in routine diagnostics for the
characterization of patients with a serum M-component.
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