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Abstract: Plasma cell leukemia (PCL) is a rare and aggressive plasma cell dyscrasia that may appear as
de-novo leukemia (pPCL) or on the basis of a pre-existing multiple myeloma (MM), called secondary
plasma cell leukemia (sPCL). In this prospective study, we have applied a broad panel of FISH
probes in 965 newly diagnosed MM (NDMM) and 44 PCL cases of both types to reveal the particular
cytogenetic differences among the three plasma cell dyscrasias. In order to evaluate the frequency
and patterns of clonal evolution, the same FISH panel was applied both at diagnosis and at the
time of first relapse for 81 relapsed MM patients and both at MM diagnosis and during sPCL
transformation for the 19 sPCL cases described here. pPCL was characterized by frequent MYC
translocations and t(11;14) with a 11q13 breakpoint centered on the MYEOV gene, not commonly
seen in MM. sPCL had a higher number of FISH abnormalities and was strongly associated with
the presence of del(17p13), either acquired at the initial MM stage or as a newly acquired lesion
upon leukemogenesis in the context of the apparent clonal evolution observed in sPCL. In clinical
terms, sPCL showed a shorter overall survival than pPCL with either standard or high-risk (t(4;14)
and/or t(14;16) and/or del(17p13) and/or ≥3 concomitant aberrations) abnormalities (median
5 months vs. 21 and 11 months respectively, p < 0.001), suggesting a prognostic stratification based
on cytogenetic background. These observations proved relevant in the NDMM setting, where higher
levels of circulating plasma cells (CPCs) were strongly associated with high-risk cytogenetics (median
frequency of CPCs: 0.11% of peripheral blood nucleated cells for high-risk vs. 0.007% for standard-
risk NDMM, p < 0.0001). Most importantly, the combined evaluation of CPCs (higher or lower than a
cut-off of 0.03%), together with patients’ cytogenetic status, could be used for an improved prognostic
stratification of NDMM patients.

Keywords: primary plasma cell leukemia; secondary plasma cell leukemia; FISH; cytogenetics; clonal
evolution; circulating plasma cells; multiple myeloma
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1. Introduction

Plasma cell leukemias (PCL) are a rare form of lymphoid malignancies accounting
for about 0.3% of leukemias and 0.5–4% of plasma-cell dyscrasias (PCD), with an overall
incidence of 0.04 new cases/100.000 individuals per year in Europe [1–3]. Traditionally, the
diagnosis of PCL has been based on Kyle’s criteria, referring to the presence of >20% plasma
cells in the peripheral blood (PB) and/or a circulating plasma cell count of >2 × 109/L [4].
However, there is a debate about these arbitrary thresholds, with several studies sug-
gesting that less strict cut-offs could be used to stratify patients into distinct prognostic
subgroups [5–7]. Recently, it was proposed that PCL should be defined by the presence
of >5% circulating plasma cells based on findings showing the same adverse outcomes as
those with the traditional 20% cut-off definition [8]. In most cases (50–70%), PCL appears
as a de-novo leukemia, called primary PCL (pPCL), but it can also arise on the basis of a
pre-existing, and usually end-stage, multiple myeloma (MM), called secondary PCL (sPCL).
To date, the biological mechanisms and the responsible molecular events underlying this
leukemic transformation have been inadequately explained.

PCL presents with unique features and a more aggressive clinical behavior when
compared to MM. These differences include distinct molecular (both genetic and gene-
expression profile), phenotypic and bone marrow (BM) microenvironmental features, a
distinct distribution and proportion of cytogenetic abnormalities, higher tumor mass, ex-
tramedullary involvement, impaired renal function, increased lactate dehydrogenase (LDH)
and β2-microglobulin, and more pronounced anemias and thrombocytopenias [3,5,9–12].
Moreover, several differences have also been reported between pPCL and sPCL, thus
indicating that they should probably be evaluated as distinct clinical entities [13–15]. Nev-
ertheless, despite the existence of unifying clinical and molecular features in each PCD,
both MM and PCL are characterized by significant heterogeneity, which may confer to
a differential prognosis. Current prognostication systems are particularly useful but fail
to incorporate the whole variability spectrum, thus necessitating the identification of im-
proved risk-stratification models. Due to its rarity, the genetic background of PCL is not
fully elucidated and the limited reported series have mainly included pPCL patients and
only a few sporadic sPCL cases. In this study, we performed detailed cytogenetic analyses
in a representative series of both pPCL and sPCL, utilizing an extensive panel of probes
for all major abnormalities described in MM, and report a different genetic background
between the two PCL types. In addition, the prospective evaluation of a large cohort of
MM patients with long-term sequential monitoring and follow-up allowed us to monitor
the genetic changes occurring gradually during the course of the disease. Our analyses
provide new evidence on the cytogenetic background of PCL and highlight cytogenetic
clonal evolution to be highly associated with the leukemic transformation of MM to sPCL.
Finally, utilizing the highly-sensitive next-generation flow (NGF) approach, we evaluated
the presence of clonal circulating plasma cells (CPCs) in a large series of newly-diagnosed
MM patients (NDMM) and suggest a model, based on both cytogenetics and CPCs, capable
of stratifying patients into distinct prognostic groups.

2. Patients and Methods
2.1. Patients

The study included 965 NDMM and 44 PCL patients who were diagnosed and treated
between January 2005 and May 2020. PCL was considered when both of Kyle’s criteria
were met, namely when a patient was found with both >20% clonal plasma cells in PB and
a circulating plasma cell count higher than 2 × 109/L. Among PCL patients, 25 patients
were diagnosed with de-novo leukemia (pPCL) and 19 patients developed leukemia during
MM progression (sPCL) with a median time interval for the leukemic transformation of
15 months (range: 6–56 months). The clinical characteristics of all patients are presented in
Table 1.
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Table 1. Clinical presentation features of PCL and NDMM patients enrolled in the study.

pPCL
n = 25

sPCL
n = 19

NDMM
n = 965

p Value
NDMM vs.

pPCL

p Value
NDMM vs.

sPCL

p Value
pPCL vs. sPCL

age (years) 60 (45–81) 65 (42–80) 68 (29–92) <0.01 n.s. n.s.

male sex (%) 11/25 (44%) 10/19 (52.6%) 523/965 (54.2%) n.s. n.s. n.s.

lytic lesions 10/22 (45.4%) 11/16 (68.8%) 276/410 (67.3%) 0.04 n.s. n.s.

extramedulary
involvement 4/20 (20%) 4/15 (26.7%) 23/301 (7.6%) 0.07 0.03 n.s.

hemoglobin (g/dL) 8.5 (5.8–13.6) 9.1 (6.8–11.2) 10.4 (4–18) <0.001 0.002 n.s.

platelets (×109/L) 108 (10–250) 100 (30–300) 244 (22–585) <0.0001 <0.0001 n.s.

WBC (×109/L) 15 (3.5–40) 15 (4.7–34.5) 6.1 (2.2–70) <0.0001 <0.0001 n.s.

BM infiltration (%) 70 (30–100) 80 (35–100) 55 (5–100) <0.001 <0.0001 n.s.

PB plasmacytosis
(×109/L) 5.4 (0.9–72) 6.1 (1.2–65) - - - n.s.

calcium (mg/dL) 9.4 (8.3–14.4) 9.6 (6.5–12.5) 9.5 (6.3–15.5) n.s. n.s. n.s.

LDH (U/L) 330 (100–690) 232 (120–550) 175 (68–860) <0.0001 <0.001 0.01

serum albumin
(g/dL) 3.7 (2.7–4.4) 3.6 (2.5–4.9) 3.9 (1.8–5.1) n.s. n.s. n.s.

creatinine >2
mg/dL 9/25 (36%) 4/19 (21.1%) 101/708 (14.3%) <0.007 n.s. n.s.

b-2 microglobulin
(mg/L) 7.3 (1.4–11.2) 3.8 (1.7–7.8) 3.3 (0.38–70) <0.0001 n.s. <0.0001

M-protein
IgG
IgA
IgD

light chain only
non-secretory

13/25 (52%)
3/25 (12%)
1/25 (4%)
5/25 (20%)
3/25 (12%)

10/19 (52.6%)
4/19 (21.1%)
1/19 (5.3%)
4/19 (21.1%)

0/16

482/965 (49.9%)
221/965 (22.9%)
33/965 (3.4%)

150/965 (15.5%)
79/965 (8.2%)

n.s. n.s. n.s.

kappa light chain 12/20 (60%) 7/15 (46.7%) 569/965 (58.9%) n.s. n.s. n.s.

Phenotype
19+
45+
56+

117+

0/11
2/11 (18.2%)
5/11 (45.4%)
1/11 (9.1%)

N/A
N/A
N/A
N/A

12/445 (2.7%)
80/445 (18%)

281/445 (63.1%)
181/445 (40.7%)

n.s.
n.s.
n.s.
0.03

N/A N/A

All values shown for continuous variables are median with ranges in parentheses. pPCL, primary plasma
cell leukemia; sPCL, secondary plasma cell leukemia; NDMM, newly-diagnosed Multiple Myeloma; n.s., non-
significant; N/A, not applicable; WBC, white blood cells; BM, bone marrow; PB, peripheral blood, LDH, lactate
dehydrogenase.

Patients were tested at diagnosis (of MM or pPCL) for the presence of major cy-
togenetic aberrations described in MM (described in detail below in Section 2.3). The
same analysis was also performed in 81 relapsed MM patients including 19 patients with
sPCL transformation, in order to highlight the genetic changes occurring during disease
progression (see Section 2.3 for details).

PCL patients were treated with various regimens. NDMM patients, evaluated for the
presence of CPCs (n = 161, see below for details), were treated with either bortezomib,
lenalidomide, dexamethasone (VRD) or bortezomib, cyclophosphamide, or dexametha-
sone (VCD) as induction regimens followed by high-dose melphalan (HDM) with au-
tologous stem cell transplantation (ASCT), according to the protocol described in detail
elsewhere [16]. The number of CPCs and the proportion of patients bearing high-risk aber-
rations were equally distributed between the two treatment groups (data not shown). The
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study was approved by the local ethics committee and patients signed informed consent
according to the Declaration of Helsinki.

2.2. Purification of Plasma Cells from BM and PB Samples

Plasma cell enrichment was performed in each BM and PB sample prior to FISH
analysis (described in next paragraph). In brief, 3–5 mL of BM and/or PB were used for the
osmotic lysis of erythrocytes using NH4Cl-lysis buffer and the acquired cells were washed
with phosphate-buffered saline (PBS) containing 0.5% fetal bovine serum. The isolation of
plasma cells was subsequently performed with the positive immunomagnetic selection of
CD138+ cells using human CD138 magnetic microbeads (MACS, Miltenyi Biotech, Bergish
Gladbach, Germany) following the manufacturer’s instructions. The density and viability
of isolated cells were evaluated in a hemocytometer with Trypan Blue 0.4% and the purity
of plasma cells was tested by flow cytometry after staining for CD38-FITC and CD138-
PerCP. When CD38+CD138+ cells constituted less than 90% of the isolated material, the
immunomagnetic separation procedure was repeated. Purified plasma cells were then laid
on polylysine-coated slides after cytocentrifugation and fixed as previously described [17].
A minimum number of 250 cells were available for FISH evaluation in all cases.

2.3. Interphase Fluorescent In-Situ Hybridization (i-FISH)

Purified plasma cells of each patient were evaluated by i-FISH for the presence of
major cytogenetic abnormalities described in MM. In particular, commercially available
probes (mostly Abbott Molecular, Des Plaines, IL, USA) were used for the detection of
del(13q), t(14q32), t(11;14), t(4;14), t(14;16), −17/del(17p13), del(1p32), +1q21, t(8q24),
and hyperdiploidy (HD). HD was considered when a minimum of three chromosomes
were overrepresented without any evidence of monosomy. For this, a probe set target-
ing chromosomes 5, 9, and 15—the most commonly overrepresented chromosomes in
HD [18,19]—was applied in each patient, and, when needed, additional centromeric probes
were also used to verify numerical aberrations indirectly indicated by the application of
all other probes. High-risk cytogenetics was considered the presence of t(4;14) and/or
t(14;16) and/or del(17p13) and/or t(8q24) and/or the presence of at least three concomitant
abnormalities (other than trisomies) of all aberrations tested. In a different case, a patient
was considered as having a standard-risk status.

For t(11;14) evaluation, two independent dual fusion probes were applied, both con-
taining the same IGH probe but different CCND1 probes targeting sequences on the 11q13.3
location. Multiple 13q probes were also used for a more detailed characterization of the
13q deleted region of chromosome 13, as described in detail in the next paragraph. The
cut-off levels for each probe were set as the mean +3x standard deviation of positive values
reached upon analysis of CD138+ isolated cells from healthy donors. A summary of all
probes used with the specific cytogenetic location targeted and the estimated cut-off levels
are presented in Supplementary Table S1.

As mentioned above, the FISH examination was performed in all patients at the
time of MM and pPCL diagnosis and at the time of first relapse (based on criteria set by
Rajkumar et al. [20]) in 62 MM patients and sPCL transformation for the 19 sPCL cases
included in the study. This cytogenetic re-evaluation allowed for the detection of clonal
evolution as a consequence of disease progression. Therefore, clonal evolution was con-
sidered as the presence of a new, acquired abnormality (in relapsed and sPCL patients)
that was absent or below the cut-off levels at the initial diagnostic MM evaluation. The
median time interval between the initial FISH examination (on MM diagnosis) and the
sequential re-evaluation in the relapsed MM cases were 25 months (range: 6–69 months)
and 15 months (range: 6–56 months) for those patients showing a leukemic transformation
into sPCL.
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2.4. 13q Deletions

The presence of 13q deletions was investigated with the use of probes targeting the
13q14 locus (D13S319, D13S272, D13S25 and RB1), together with a probe for 13q34 and
13q terminal region (13qter) to distinguish between interstitial and terminal deletions.
(Supplementary Figure S1). A terminal deletion was considered when a single fluorescent
signal per cell was detected for each of these six applied probes. This mapping process
was performed in all PCL cases and in 280 randomly selected MM cases at diagnosis for
comparative reasons.

2.5. t(11;14)

In all PCL cases and 275 NDMM patients, t(11;14)(q13;q32) was investigated with the
application of two similar but distinct probe sets. Both contained a green probe targeting
the IGH gene on the 14q32 region. The first one used a 378 kb probe spanning the entire
length of CCND1 gene on 11q13 and extending in both the centromeric and telomeric
directions. The second probe set (XT) used a much larger red probe (850 kb) centered on
the MYEOV gene. Hence, a breakpoint close to CCND1 would produce two fusion signals
with both sets, while a breakpoint close to MYEOV would produce two fusion signals with
the application of the XT probe set (signal pattern:2F1G1R and a single fusion with the
application of the first probe set (signal pattern 1F2G1R).

2.6. Detection of Circulating Plasma Cells (CPCs) with Next-Generation Flow Cytometry (NGF)

The presence of clonal CPCs was evaluated in the PB samples of 161 NDMM with
the NGF protocol for the detection of minimal residual disease (MRD) according to the
EuroFlow guidelines [21–23]. Cells were lysed with the bulk-lysis protocol and the acquired
cells were stained with the proposed eight-color panels for the detection and efficient
discrimination of clonal plasma cells of any phenotype from the remaining PB nucleated
cells. A minimum number of six million events were acquired per sample, for a median
limit of detection (LOD) reached of 3.5 × 10−6 and a median limit of quantification (LOQ)
reached of 8.8 × 10−6, setting 20 and 50 cells, respectively, as a prerequisite cut-off point for
the relevant measures. Samples were acquired in a FACSCantoII cytometer (BD Bioscience,
San Jose, CA, USA) operating with the optimal photomultiplier (PMT) voltages and settings
based on the EuroFlow standard operating procedure (SOP) for instrument set-up. Data
analysis and the evaluation of CPC detection was performed with the Infinicyt software
(version 2.0, Cytognos, S.L., Salamanca, Spain).

2.7. Statistical Analysis

All statistical analyses were performed with the Statistical Package for the Social
Sciences software v.20 (IBM SPSS Statistics, Inc., Chicago, IL, USA). Differences in binomial
variables among groups were evaluated with the chi-square test, while one-way ANOVA
or the non-parametric Kruskal–Wallis approach were selected for assessing differences in
continuous variables depending on the distribution of their values. Chi-square contingency
table analyses were also assessed to examine for possible intercorrelations between the
cytogenetic abnormalities, and logistic regression analysis was performed to predict the
risk of developing pPCL and/or sPCL based on the available baseline characteristics
of all NDMM and PCL patients described here. The optimal cut-off point of CPCs for
discriminating NDMM patients with either high or standard-risk cytogenetics was selected
on the basis of maximum specificity and sensitivity values obtained by the relative receiver
operating characteristic (ROC) curve. The survival analyses were assessed using standard
Kaplan–Meier curves and log-rank statistics. All analyses were two-sided and statistical
significance was assumed at p < 0.05.
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3. Results
3.1. Clinical Characteristics of PCL and NDMM Patients

Compared to NDMM, PCL patients of both types had a younger age of disease onset
(median: 60 years old for pPCL vs. 65 for sPCL vs. 68 for NDMM), a higher BM plasma cell
infiltration rate (median: 70% for pPCL and 80% for sPCL vs. 55% for NDMM, p < 0.001
for NDMM vs. both PCL types) and a higher incidence of extramedullary involvement
(median: 20% for pPCL and 27% for sPCL vs. 8% for NDMM, p < 0.5 for NDMM vs.
both PCL types) (Table 1). Moreover, PCL patients suffered more frequently from anemia
and/or thrombocytopenia and had elevated LDH levels (median: 330 U/L for pPCL
and 232 for sPCL vs. 175 for NDMM, p < 0.001 for NDMM vs. both PCL types). No
differences were observed between the three PCDs in serum albumin or calcium levels and
the immunoglobulin heavy or light chain isotype.

Particular differences were also observed between the two PCL types. The presence
of bone lytic lesions was more apparent in sPCL than in pPCL (68.8% in sPCL vs. 45.4%
in pPCL; p = 0.19), which is consistent with sPCL originating from NDMM, in which
lytic lesions occur in approximately 2/3 of patients. The median concentration of β2-
microglobulin was significantly different between the three groups of patients, with the
higher values observed in pPCL (7.3 mg/L in pPCL vs. 3.8 in sPCL and 3.3 in NDMM;
p < 0.0001). Similarly, serum creatinine levels were increased (>2.0 mg/dL) in 36.0%, 21.1%
and 14.3% of pPCL, sPCL and NDMM patients, respectively, thus indicating different levels
of renal dysfunction between in the three disorders (Table 1).

3.2. pPCL and sPCL Patients Have Distinct Cytogenetic Profiles

The detailed cytogenetic pattern of PCL patients evaluated by i-FISH is shown in
Table 2. Compatible with a more aggressive clinical course, PCL was presented with a
significantly higher frequency of aberrations when compared to NDMM. In particular,
the mean number of cytogenetic findings per sample was found to be 1.4, 2.9 and 3.9 for
NDMM, pPCL and sPCL, respectively. pPCL patients had at least one aberration and
all sPCL cases were found with a minimum of two concomitant aberrations; contrarily,
15.1% of NDMM patients had no detectable abnormalities. Hyperdiploidy was the only
aberration found more frequently in NDMM than in either pPCL or sPCL (52.1% in NDMM
vs. 20.0% in pPCL vs. 31.6% in sPCL; p < 0.01 for comparing NDMM vs. pPCL).

Beyond the apparent differences with NDMM, our analysis revealed a clearly distinct
cytogenetic profile between the two leukemia types. Del(13q) was the most frequent finding
for both leukemias, though its relative prevalence was significantly different (15/25 (59.1%)
in pPCL vs. 18/19 (94.7%) in sPCL; p = 0.013). −17/del(17p13) was mainly found in sPCL
(4/25 (16%) in pPCL vs. 13/19 (68.4%) in sPCL; p < 0.001), whereas t(11;14) was detectable
only in pPCL, and notably, in the majority of pPCL patients (13/25 (52%) in pPCL vs. 0/16
(0%) in sPCL; p < 0.001). t(4;14) and chromosome 1 aberrations were more prevalent in
sPCL, although the differences from pPCL were not statistically significant, probably due
to the relatively limited number of cases in each group. On the other hand, the prevalence
of MYC translocations was higher in pPCL, 1.5 times more frequent than in sPCL [10/25
(40%) in pPCL vs. 5/19 (26.3%) in sPCL; p = 0.21] and four times more frequent than in
NDMM [24/265 (9.1%); p < 0.0001].
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Table 2. Frequency of cytogenetic aberrations in the three plasma cell dyscrasias.

Cytogenetic Abnormality pPCL sPCL NDMM p Value

del(13q) 15/25 (59.1%) 18/19 (94.7%) 334/846 (39.5%) <0.0001 a

t(4;14) 4/25 (16%) 9/19 (47.4%) 92/927 (9.9%) 0.0006 a

t(11;14) 13/25 (52%) 0/19 (0%) 76/542 (14%) <0.001 b

t(14;16) 2/25 (8%) 1/19 (5.3%) 21/862 (2.4%) n.s

−17/del(17p13) 4/25 (16%) 13/19 (68.4%) 77/899 (8.6%) <0.001 c

t(8q24) 10/25 (40%) 5/19 (26.3%) 24/265 (9.1%) <0.0001 d

del(1p32) 7/25 (28%) 9/19 (47.4%) 42/289 (14.5%) 0.003 a

+1q21 8/25 (32%) 10/19 (52.6%) 191/605 (31.6%) 0.038 a

del(16q23) 4/25 (16%) 4/19 (21.1%) 39/279 (14%) n.s

Hyperdiploidy 5/25 (20%) 6/19 (31.6%) 151/290 (52.1%) 0.0032 d

Normal (no aberrations) 0/25 0/19 38/252 e (15.1%) 0.15

Only one aberration 6/25 (24%) 0/19 145/252 e (57.5%) <0.001

Average number of
abnormalities/patient 2.9 3.9 1.4 f

pPCL, primary plasma cell leukemia; sPCL, secondary plasma cell leukemia; NDMM, newly diagnosed Multiple
Myeloma. a refers to differences between sPCL vs. NDMM; b refers to differences between pPCL vs. NDMM
and between pPCL vs. sPCL; c refers to differences between sPCL vs. NDMM and between pPCL vs. sPCL;
d refers to differences between pPCL vs. NDMM; e number of NDMM patients having tested for the whole panel
of aberrations presented here; f based on 252 NDMM patients, tested for all aberrations presented here.

The contingency analysis showed a strong positive correlation between the presence
of −17/del(17p13), t(4;14) and 13q deletions (in all binary combinations) in both NDMM
and pPCL; all four pPCL cases positive for del(17p13), and respectively, all four pPCL cases
positive for t(4;14)—two patients had concomitant 17p—and t(4;14)- were also positive
for extended 13q deletions. On the other hand, the presence of t(11;14) showed a negative
association with 13q- in NDMM, as only 16/76 (21.1%) patients with t(11;14) were also
positive for 13q-; of note, this correlation was completely reversed in pPCL, where 9/13
(69%) patients with detectable t(11;14) showed also a concomitant 13q deletion.

3.3. 13q Deletions in NDMM and PCL Patients

The length of 13q deletions was evaluated with the employment of six FISH probes
targeting different chromosomal 13q loci. Our results showed an extended 13q deletion in
all 33 PCL cases with detectable del(13q) (the application of each probe returned a single
fluorescent signal). Following the same process for NDMM patients, we found that among
115 cases with del(13q) (and tested with all different 13q probes), only 94 (81.7%) showed
evidence of an extended 13q-. The remaining 21 cases had interstitial deletions, as depicted
in Supplementary Figure S1. In particular, 18 patients had a deletion restricted only in the
13q14 locus (two of them only in the 13q14.3 region), and two patients showed a broad
deletion of the long arm, yet not terminal, since the 13qter region was found intact. Finally,
in one NDMM patient, the deleted area was restricted only in the peripheral part of the 13q
arm, as indicated by the absence only of 13q34 and the 13q telomeric region.

3.4. Unique Cytogenetic Pattern of t(11;14)(q13;q32) in pPCL

t(11;14)(q13;q32) is the most common translocation in MM and is considered as a
standard-risk cytogenetic marker with a more favorable outcome when compared with
other IGH translocations and/or del(17p13). However, t(11;14) is the most common genetic
lesion in the aggressive pPCL, which may probably indicate a different molecular back-
ground. In this context, we concurrently utilized two different dual-fusion probes targeting
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t(11;14), in an effort to gain a better insight of the cytogenetic pattern of this rearrangement
in the two dyscrasias.

In both NDMM and pPCL, the application of the two independent probes resulted
at the same FISH result for each patient (either positive or negative). The majority of
NDMM patients who were found positive for t(11;14) (35/40 tested with both probes,
87.5%) showed the same signal pattern on the two different probes, even in those cases
with an “atypical” signal formation type (Supplementary Table S2). On the contrary, half of
t(11;4) positive pPCL patients (6/13, 46.2%) showed dissimilar signal patterns in the two
probes; the application of the smaller probe resulted in the detection of only one fusion
signal (1F2G1R), while the larger XT probe showed the typical formation of two fusion
signals (2F1G1R), thus implying a non-typical 11q13.3 breakpoint close to the MYEOV
gene within a region delimited by a 30 kb point upstream the MYEOV extending 425 kb
towards the centromere based on the probe map. These sequences in the 11q arm were
detectable only with the larger FISH probe and host various non-coding RNA genes and
five protein-coding genes with multiple structural or regulatory functions (Supplementary
Table S3).

3.5. Clonal Evolution by Sequential Cytogenetic Analysis during Disease Progression

The cytogenetic re-evaluation of NDMM transforming into sPCL revealed novel
acquired aberrations for the majority of patients. The baseline abnormalities were present
in all patients during FISH re-evaluation, with 17/19 (89.4%) sPCL cases showing clear
evidence of clonal evolution via a median of 1.16 newly acquired abnormalities per case.
On the contrary, clonal evolution was evident in only 18/62 (29%) relapsed MM patients
with a ratio of 0.42 new acquiring abnormalities per case (Figure 1).

Biomedicines 2022, 10, x FOR PEER REVIEW 9 of 17 
 

early myeloma stages, in contrast with chromosome 1 aberrations (mostly 1q amplifica-

tion) and del(16q23), which were the most frequent novel lesions detected in advanced 

disease stages.  

 

Figure 1. Clonal evolution as detected by the acquisition of novel abnormalities during multiple 

myeloma (MM) progression. Each row represents the cytogenetic pattern of a single patient. The 

baseline aberrations detected at initial FISH examination during MM diagnosis are shown in red, 

whereas the new acquired aberrations during plasma cell leukemia transformation (sPCL, upper 

part) or at relapse (bottom part) are shown in green. 

3.6. Differential Clinical Outcomes among PCL Patients and a Stratification Model for NDMM 

To date all but three PCL patients have died, showing a significantly shorter overall 

survival (OS) than in NDMM. Two pPCL patients are alive after 36 and 42 months, having 

received VRD and bortezomib, thalidomide, and dexamethasone (VTD) respectively, fol-

lowed by allogeneic stem cell transplantation in both cases. One sPCL patient is also alive 

14 months after leukemia diagnosis, having received bortezomib-based treatment.  

The median OS of pPCL was poor (17 months), however significantly better than that 

of sPCL, reaching a median of only 5 months (p < 0.0001) (Figure 2Α). Interestingly, at a 

subgroup level, pPCL patients with standard-risk cytogenetics demonstrated an im-

proved OS with a median of 21 months when compared with their high-risk pPCL coun-

terpart or pPCL patients with a complex karyotype (i.e., three or more aberrations) show-

ing a median OS of 11 months (p = 0.016, HR: 2.49, 95% CI: 1.07.-5.77, Figure 2B). 

Altogether, our observations display the apparent association of PCL with a higher 

cytogenetic complexity and highlight a clinical stratification of pPCL patients according 

to their cytogenetic profile.  

Following the same approach on the NDMM setting, we observed a clear correlation 

between patients’ CPC levels and their cytogenetic status; patients with high-risk cytoge-

netics had a median value of 1.1 × 10−3 CPCs (% of total nucleated cells) vs. 7 × 10−5 for 

patients with standard-risk abnormalities (p < 0.0001, Figure 3A). Using the ROC curves, 

the optimal cut-off point of CPCs for the cytogenetic discrimination of NDMM patients 

with >70% sensitivity and specificity was defined as 3 × 10−4 (Figure 3B). Importantly, 

Figure 1. Clonal evolution as detected by the acquisition of novel abnormalities during multiple
myeloma (MM) progression. Each row represents the cytogenetic pattern of a single patient. The
baseline aberrations detected at initial FISH examination during MM diagnosis are shown in red,
whereas the new acquired aberrations during plasma cell leukemia transformation (sPCL, upper
part) or at relapse (bottom part) are shown in green.

Overall, clonal evolution was more prevalent in patients with the most complex base-
line cytogenetics (i.e., ≥2 concurrent aberrations); indeed, only 2/17 (11.8%) sPCL and 5/18
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(27.8%) relapsed MM patients with apparent clonal evolution had a single chromosomal
abnormality at diagnosis. Moreover, there was only 1/13 (7.7%) NDMM patients with
no baseline aberrations (or aberrations at undetectable levels below their relevant cut-off,
referred to in Supplementary Table S1), who showed evidence of clonal evolution on re-
lapse. Del(17p13) was the most frequent abnormality implicated with detectable clonal
evolution in both sPCL and relapsed MM, either when present as a baseline abnormality
or as a newly acquired one upon disease progression. Similarly, MYC translocation was
commonly involved in clonal evolution process, always as a baseline feature in sPCL, but
also as a secondary lesion in relapsed MM. Deletions of 13q were already present at the
early myeloma stages, in contrast with chromosome 1 aberrations (mostly 1q amplifica-
tion) and del(16q23), which were the most frequent novel lesions detected in advanced
disease stages.

3.6. Differential Clinical Outcomes among PCL Patients and a Stratification Model for NDMM

To date all but three PCL patients have died, showing a significantly shorter overall
survival (OS) than in NDMM. Two pPCL patients are alive after 36 and 42 months, having
received VRD and bortezomib, thalidomide, and dexamethasone (VTD) respectively, fol-
lowed by allogeneic stem cell transplantation in both cases. One sPCL patient is also alive
14 months after leukemia diagnosis, having received bortezomib-based treatment.

The median OS of pPCL was poor (17 months), however significantly better than that
of sPCL, reaching a median of only 5 months (p < 0.0001) (Figure 2A). Interestingly, at a
subgroup level, pPCL patients with standard-risk cytogenetics demonstrated an improved
OS with a median of 21 months when compared with their high-risk pPCL counterpart or
pPCL patients with a complex karyotype (i.e., three or more aberrations) showing a median
OS of 11 months (p = 0.016, HR: 2.49, 95% CI: 1.07–5.77, Figure 2B).
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Altogether, our observations display the apparent association of PCL with a higher
cytogenetic complexity and highlight a clinical stratification of pPCL patients according to
their cytogenetic profile.

Following the same approach on the NDMM setting, we observed a clear correlation
between patients’ CPC levels and their cytogenetic status; patients with high-risk cytoge-
netics had a median value of 1.1 × 10−3 CPCs (% of total nucleated cells) vs. 7 × 10−5 for
patients with standard-risk abnormalities (p < 0.0001, Figure 3A). Using the ROC curves,
the optimal cut-off point of CPCs for the cytogenetic discrimination of NDMM patients
with >70% sensitivity and specificity was defined as 3 × 10−4 (Figure 3B). Importantly,
when combined together, the cytogenetic profile and the number of CPCs could stratify
patients into three distinct prognostic groups. In particular, the 3-year progression-free
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survival (PFS) for standard-risk NDMM patients with CPCs below the cut-off was 71%
(median PFS, not reached, NR) vs. 55% for patients with either high-risk cytogenetics or
high CPCs (median PFS, NR), vs. only 28% for patients with both high-risk aberrations and
CPCs > 3 × 10−4 (median PFS, 30 months, p = 0.03, Figure 3C).
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Figure 3. (A): Association of cytogenetic status with the presence of circulating plasma cells (CPCs) in
newly diagnosed Multiple Myeloma (NDMM) patients. High-risk patients [i.e., with t(4;14) and/or
t(14;16) and/or del(17p13) and/or t(8q24) and/or ≥3 concomitant aberrations] have higher numbers
of CPCs. (B): Receiver operating characteristic (ROC) curve for the estimation of the optimal cut-off
value of CPCs (red arrow) discriminating among high-risk and low-risk patients. (C): Progression-free
survival (PFS) of patients according to their cytogenetic status and the number of CPCs below or
higher than 3 × 10−4 (% of nucleated cells).

4. Discussion

Due to its rarity, a limited series of PCL have been published to date, most of which
including relatively small numbers of patients [3,24]. As a consequence, our understanding
in the oncogenic mechanisms and the biology leading to the aggressive clinical course
of PCL remain elusive. Similarly, the molecular defects of PCL—especially those of the
sPCL type- remain inadequately explored, with most of the reported series referring to
retrospective studies or case reports, many of which apply conventional cytogenetics that
may underestimate some of the major chromosomal aberrations detected by more sensitive
approaches, such as 17p deletions and/or some of the 14q32 rearrangements [15,25–29]. In
the present study, we have prospectively evaluated a broad panel of abnormalities high-
lighting particular dissimilarities between NDMM, pPCL and sPCL and further displayed
clonal evolutionary patterns associated with the leukemic transformation of primary MM
to sPCL. Moreover, our data support the clinical relevance of a differential cytogenetic



Biomedicines 2022, 10, 209 11 of 16

background in PCL and provide a simple algorithm based on both cytogenetics and CPCs
levels for a better patient stratification in the NDMM setting.

As expected, the presentation of PCL showed a more aggressive clinical behavior
when compared with NDMM, evidenced by a higher frequency of anemia and thrombo-
cytopenia, higher BM infiltration levels, complex karyotypes and often extramedullary
plasmacytomas. Nevertheless, differences were also observed between the two leukemia
types, with creatinine and β2-microglobulin levels being significantly higher in pPCL, in
agreement with some previous reports [13,26]. Most importantly, cytogenetic analyses
revealed a quite dissimilar genetic background in the two PCLs, further supporting the
notion that pPCL and sPCL represent distinct biological entities [3,5,30].

The frequency of IgH translocations was similar in both PCL types and higher than in
NDMM; however, the spectrum of the rearranged loci was completely different; t(14;16)
was relatively rare in both leukemias, t(4;14) clearly predominated in sPCL, whereas t(11;14)
was exclusively present in pPCL, verifying previous studies reporting its higher frequency
in pPCL and hence reinforcing the view of a possible etiologic role of this aberration in
the pathogenesis of pPCL [4,9,13,31–34]. The presence of t(11;14) is traditionally regarded
as a standard risk marker in MM correlating with a better outcome, though there is new
evidence that may refute these stratification models [35]. It is becoming clear that t(11;14)
MM is a heterogeneous disease [36] and novel findings show that t(11;14)-positive pPCL
and MM have a different genetic and transcriptional background [37,38]. The application
of two different t(11;14) probes in our series has revealed an atypical breakpoint in the
11q13 region in almost half of pPCL patients (contrarily to 13% in NDMM), providing
evidence for different genetic loci and novel candidate genes that may be implicated in
the appearance of the leukemic phenotype (Supplementary Table S3). These data further
support the idea of separate t(11;14) molecular defects between MM and pPCL and echo
the need for future studies to evaluate the role of these emerging genes in the pathogenesis
of pPCL.

Accordingly, we found a significantly higher predominance of 8q24 rearrangements in
pPCL, thus imputing MYC deregulation as another possible cause for pPCL ontogeny. The
percentage found in our study is higher than that reported by Avet-Loiseau et al. [31] (~10%
of pPCL cases when evaluated on metaphases) and Tiedemann et al. [13] (8% or 33% of
cases by utilizing different probes) but harmonizes with the results of Chiecchio et al. [39],
reporting MYC abnormalities in 7/10 pPCL patients when using the 8q24 break-apart probe,
which we also applied (Supplementary Table S1). Interestingly, only a small counterpart
of these cases were found positive for t(8;14) (3/10 in our study and 1/7 in the British
study [39]) implying that MYC dysfunction has a pivotal role in the disease phenotype,
regardless of the accompanying rearranged locus.

Del(1p32) and 1q amplifications, which are frequent in MM were also found in our
PCL cohort with increased rates in the sPCL type. Similarly, del(17p13) and 13q-, which
were both more frequent in PCL than MM, had a much higher predominance in the sPCL
form, reaching a frequency of 68% and 95%, respectively. Of note, our analysis with various
13q probes revealed an extensive deletion of the 13q arm for PCL patients (of both types)
bearing 13q defects (thus showing indirect evidence for monosomy 13),unlike MM, in
which about 20% of patients with 13q abnormalities may show interstitial deletions, mainly
restricted in the 13q14 region [40,41]. Hyperdiploidy was the only abnormality found more
commonly in NDMM than PCL (53% in NDMM vs. 25% in PCL as a whole), consistent
with previous reports [13,31,39,42,43], probably reflecting the more favorable outcome
commonly seen in HD cases.

The sequential FISH analysis allowed for the identification of novel acquired aberra-
tions during disease progression and thus, tracking clonal evolutionary patterns in both
relapsed MM and sPCL. Clonal evolution is a common phenomenon in all malignancies,
including MM, which may be manifested either via linearly-related subclones with a ho-
mogenous mutational background that accumulate novel genetic lesions during the course
of the disease, or, most commonly, via a Darwinian-like branching model, where distinct
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branches may acquire different and irrelevant genetic abnormalities, leading to a substan-
tial genetic diversity of coexisting dominant and minor subclones with heterogeneous
mutational profiles [44–46]. The vast majority of patients in our series (89%) showed novel
acquired abnormalities at the sPCL stage. This frequency was three-times higher than
the relevant incidence of newly detected lesions in the relapsed setting, thus providing
strong evidence that clonal evolution accompanies the leukemic transformation of MM,
either as a result of new acquired mutations or due to the emergence of “indistinguishable”
chemoresistant clones that were present at onset but as minor subclones. The occurrence of
clonal evolution was favored by a disadvantageous genetic background (high-risk and/or
complex karyotype) at initial diagnosis, but was not limited thereby, since there were also
cases where clonal evolution occurred in a pre-existing favorable hyperdiploidic profile.
Del(13q) was mostly seen at diagnosis, del(16q) was the most common secondary event,
whereas chromosome 1 abnormalities and del(17p) could be detected either at diagnosis or
at advanced stages, similarly with previous findings describing the chronological genetic
landscape of MM [19,47,48]. Most importantly, though, our findings clearly underscore the
association of del(17p13) with secondary plasma cell escape and support the notion that
TP53 deregulation could sufficiently explain the aggressiveness and the apparent genomic
instability observed in sPCL [49,50].

The distinct cytogenetic profile in the two PCLs, with the apparently higher accumu-
lation of genetic defects in sPCL—especially those with an adverse prognostic impact—
could explain the significantly worse clinical course of sPCL. Besides, the presence of
cytogenetic clonal evolution, indicative of expanded genomic instability, is known to be
associated with inferior outcomes, irrespective of whether the newly acquired lesion is
of high risk [48,51,52]. However, the prognostic impact of cytogenetic lesions in pPCL
remains a matter of debate. Several studies have reported lack of significant association
between cytogenetics and PFS and/or OS [9,34,53,54], whereas Avet-Loiseau et al. [31] and
Chang et al. [25] showed that t(11;14) is associated with prolonged OS, and, in another
study, t(4;14) was the only aberration with an independent negative prognostic impact
on pPCL survival [25]. Moreover, in a large series studied by Pagano et al. [42] the good
prognostic karyotype (t(11;14), hyperdiploidy) induced a 37.6-times lower death-risk than
pPCL with high-risk cytogenetics, and similarly, Jung et al. reported that del(17p) and
a complex karyotype conferred reduced OS in a subset of pPCL patients who had not
received conventional chemotherapy [55]. Our data support the survival benefit for pPCL
patients with no complex karyotype or high-risk aberrations, showing a reduced death-risk
by 2.5 times. However, a profound limitation of our study was the heterogeneous treatment
modalities applied in our PCL cohort, which may question the exact clinical impact of these
observations. Prospective clinical trials on PCL cohorts (either defined with traditional
or the new proposed 5% criteria) are definitely warranted to establish the exact impact of
cytogenetics on a common therapeutic background.

The profound association of PCL with a burdened cytogenetic profile and its further
distinct background between pPCL and sPCL may firmly explain the differential outcomes
of the three PCDs. In this context—and taking into account the heterogeneous outcomes
seen for NDMM patients—we evaluated the association of cytogenetics with the differential
presence of CPCs in NDMM, whose high number is regarded as a negative prognostic
factor with an independent value. Using the sensitive NGF approach for CPC detection,
we found a critical cut-off point differentiating patients based on their cytogenetic-risk
status. Most importantly, our data highlight a solid model of combining FISH results with
CPC numbers for the efficient stratification of ASCT-eligible NDMM patients into three
subsets, with a distinct clinical outcome. These approaches could prove particular useful
for the early discrimination of ultra-high risk NDMM patients, who could benefit from the
administration of a more intensive therapeutic approach.

Overall, our observations support a distinct genetic background between the two PCL
types which may confer to their different clinical course. MYC alterations and t(11;14)
seem strongly associated with pPCL pathogenesis with a non-classical t(11;14) genetic
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fingerprint possibly explaining the different molecular events leading to pPCL onset and
not to MM, for cases bearing this rearrangement. On the other hand, P53 deregulation,
along with its consequent genetic instability, leading to apparent clonal evolution, seems
strongly correlated with the leukemic transformation of primary MM to sPCL. On clinical
grounds, our findings support a cytogenetic-based stratification of PCL patients, which
lead to the evaluation of a simple but efficient prognostic model for NDMM, discriminating
patients according to their CPC number and cytogenetic status. Further prospective studies
in larger patient cohorts are warranted to reveal the exact molecular mechanisms leading
to leukemogenesis and validate the clinical impact of these findings in the NDMM setting.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10020209/s1, Figure S1: Schematic representation
of 13q deletions in the three plasma cell dyscrasias; Table S1: List of probes used for the evaluation
of cytogenetic abnormalities described in the study; Table S2: The cytogenetic pattern of t(11;14) in
positive NDMM and pPCL patients examined with the two t(11;14) dual-fusion probes; Table S3:
Genes hosted within the 11q13.3 locus found rearranged with the application of the t(11;14) dual
fusion XT probe in three pPCL patients.
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