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abstract

PURPOSE Primary plasma cell leukemia (PCL) is the most aggressive monoclonal gammopathy. It was formerly
characterized by$ 20% circulating plasma cells (CTCs) until 2021, when this threshold was decreased to$ 5%.
We hypothesized that primary PCL is not a separate clinical entity, but rather that it represents ultra-high-risk
multiple myeloma (MM) characterized by elevated CTC levels.

METHODS We assessed the levels of CTCs by multiparameter flow cytometry in 395 patients with newly di-
agnosed transplant-ineligible MM to establish a cutoff for CTCs that identifies the patients with ultra-high-risk
PCL-like MM. We tested the cutoff on 185 transplant-eligible patients with MM and further validated on an
independent cohort of 280 transplant-ineligible patients treated in the GEM-CLARIDEX trial. The largest
published real-world cohort of patients with primary PCL was used for comparison of survival. Finally, we
challenged the current 5% threshold for primary PCL diagnosis.

RESULTS Newly diagnosed transplant-ineligible patients with MM with 2%-20% CTCs had significantly shorter
progression-free survival (3.1 v 15.6 months; P, .001) and overall survival (14.6 v 33.6months; P5 .023) than
patients with, 2%. The 2% cutoff proved to be applicable also in transplant-eligible patients with MM and was
successfully validated on an independent cohort of patients from the GEM-CLARIDEX trial. Most importantly,
patients with 2%-20%CTCs had comparable dismal outcomes with primary PCL. Moreover, after revealing a low
mean difference between flow cytometric and morphologic evaluation of CTCs, we showed that patients with
2%-5% CTCs have similar outcomes as those with 5%-20% CTCs.

CONCLUSION Our study uncovers that $ 2% CTCs is a biomarker of hidden primary PCL and supports the
assessment of CTCs by flow cytometry during the diagnostic workup of MM.
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INTRODUCTION

Multiple myeloma (MM) is the second most common
hematologic malignancy characterized by the expan-
sion and accumulation of clonal plasma cells (PCs) in
the bone marrow (BM).1 However, tumor PCs are able
to egress from BM to peripheral blood (PB), where they
are responsible for dissemination and extramedullary
disease.2,3 Because of recent technological advances,
circulating tumor plasma cells (CTCs) might be de-
tected in the majority of patients with newly diagnosed
multiple myeloma (NDMM) using highly sensitive
techniques such as next-generation flow cytometry
(NGF).4-6 Quantification of CTCs has been recently
proposed as one of the most relevant prognostic factor
in NDMM, making it the ideal novel parameter for risk

stratification.4,7 Indeed, patients with NDMM may
present with a variable number of CTCs, ranging from
zero with exceptionally favorable outcomes as a con-
tinuum, to higher numbers of CTCs, with adverse
prognoses. Nevertheless, there are virtually no pub-
lished data on the prognostic significance of CTCs in
transplant-ineligible patients with NDMM.8 As an ex-
treme, on the other side of the spectrum, are patients
with $ 20% of CTCs who are considered to be diag-
nosed with primary plasma cell leukemia (pPCL) as a
distinct and rare clinical entity with the most aggressive
behavior.9,10 In 2021, the International Myeloma
Working Group decreased this threshold to $ 5% of
CTCs evaluated by morphology to better reflect the
ultra-high-risk nature of these patients.11 Here, we
hypothesized that we could define new criteria to
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identify patients with ultra-high-risk PCL-like MM by using
sensitive multiparameter flow cytometry (FC). We tested this
hypothesis in a large series of transplant-ineligible patients,
as well as in transplant-eligible MM.

METHODS

Patients and Data Collection

The assessment of CTCs was performed in 590 patients with
NDMM in two Czech hematologic centers, University Hospital
Ostrava and Brno, between 2012 and 2019. Patients were
divided according to their eligibility to undergo autologous
stem-cell transplantation to transplant-eligible (N5 185) and
transplant-ineligible (N5 395; Table 1). Patients who fulfilled
the criteria for pPCL ($ 20% or $ 2 3 109 CTCs) were
excluded from the analysis (n5 10; Data Supplement [online
only]). Patients were treated in the real-world setting and
clinical analysis was performed retrospectively on the basis of
data from the Czech Registry of Monoclonal Gammopathies
(RMG).12 The study was conducted in accordance with the
principles of the Declaration of Helsinki and was approved by
each institutional ethics committee under numbers 413/2012
and EK20130724. All patients provided written informed
consent.

We extracted clinical data from the largest published real-
world case series of patients with pPCL by Jurczyszyn et al13 to
perform a comparison with real-world pPCL patients. We used
data from transplant-ineligible (n5 40) and transplant-eligible
(n 5 55) patients.

For the validation of our cutoff, we used the independent cohort
of transplant-ineligible patients withNDMM treated in theGEM-
CLARIDEX (ClinicalTrials.gov identifier: NCT02575144)
study.14 Briefly, in this phase III clinical trial, 286 patients re-
ceived lenalidomide and dexamethasone with or without

clarithromycin until disease progression or unacceptable tox-
icity. CTCs were measured at diagnosis using the EuroFlow
NGF method with a median limit of detection (LOD) of
0.0002%.15

Multiparameter Flow Cytometry

The assessment of CTCs in PB was performed at the time of
diagnosis using FC. PB samples were collected in EDTA
anticoagulated tubes and processed within 24 hours from
harvest. No cell-enrichment strategies were applied.
Samples were stained using the eight-color combination of
fluorescence-labeled monoclonal antibodies, then lysed
and washed. The composition of monoclonal antibodies in
eight-color panels as well as their modified versions during
the time of the study is described in detail in the Data
Supplement. Data acquisition was performed by FACS-
Canto II flow cytometer (Becton Dickinson Biosciences,
San Jose, CA) using the FACSDiva 6.1 software. Com-
mercial FC software program was used (Infinicyt v.1.8 or
v.2.0; Cytognos SL, Salamanca, Spain) for the final analysis.
Simultaneously, the BM sample from the particular patient
was always processed to confirm the clonality of aberrant
PCs. This strategy allowed for the detection of phenotypi-
cally aberrant PCs identified by underexpression or over-
expression of particular antigens. The enumeration of CTCs
was expressed as a percentage from total PB leukocytes.
The median number of analyzed events was 341,918 and
median LOD was 0.006%.

Morphologic Assessment of PB Smears

Wright-Giemsa–stained PB smears were used for the as-
sessment of CTCs by morphology. Two expert hematologists
experienced in PB cytology retrospectively reviewed avail-
able blood smears with a minimum of 200 nucleated cells

CONTEXT

Key Objective
Primary plasma cell leukemia (PCL) is the most aggressive monoclonal gammopathy formerly characterized by $ 20%

circulating tumor plasma cells (CTCs) until 2021, when this threshold was lowered to $ 5%. We hypothesized that
primary PCL is not a separate clinical entity, and the lower number of CTCs would identify patients with ultra-high-risk
multiple myeloma (MM) with similarly poor prognosis as primary PCL.

Knowledge Generated
Patients with newly diagnosed MM with $ 2% CTCs evaluated by flow cytometry have significantly inferior progression-

free survival and overall survival than patients with , 2% CTCs, mimicking the prognosis of primary PCL. Patients with
2%-5% CTCs have identical outcomes as patients with 5%-20% CTCs. To our knowledge, this is for the first time that
such a threshold has been defined using scientific rationale.

Relevance (S. Lentzsch)
With the 2% cutoff of CTCs, a small subset of newly diagnosed multiple myeloma with ultra-high-risk disease resembling

features of primary plasma cell leukemia can be identified. Those patients need more intensive treatments and
maintenance regimens.*

*Relevance section written by JCO Associate Editor Suzanne Lentzsch, MD, PhD.
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per smear. The central reading was performed only in pa-
tients withmore than 0.2%CTCs evaluated previously by FC.

Statistical Analysis

For the selection of an optimal cutoff identifying patients with
ultra-high-risk PCL-like MM, we first used cubic splines from
rms v6.2.0 R package to model the relationship between the
level of CTCs and overall survival (OS; 222 events) and
progression-free survival (PFS; 273 events) in 402 transplant-
ineligible patients (N 5 395), including those with pPCL
(n 5 7). This approach did not suggest any clear natural
change point. Therefore, we decided to select a clinically
relevant cutoff that would identify patients with ultra-high-risk
MM with median OS resembling that of patients with pPCL
(12-14 months) described in many published studies.13,16-21

We used all values of CTCs from transplant-ineligible patients

with MM (N 5 395) as cutoffs, computed the median OS for
patients with CTC levels higher than each cutoff, and then
used loess function to identify a cutoff of CTCs resulting in OS
of approximately 13 months in Kaplan-Meier (KM) analysis.
We used log10(x 1 1) transformation in both analyses to
address the skewness and zeroes in our data. The Mann-
Whitney U and Kruskal-Wallis tests were used to evaluate the
potentially significant clinical differences between resulting
groups for categorical and continual variables. KM method
and log-rank test were used to assess PFS and OS. Median
follow-up was estimated by reverse KMmethod. Hazard ratios
(HRs) were estimated by univariate Cox proportional hazard
models. Multivariate analyses were performed using CTCs,
International Staging System (ISS) stage, lactate dehydroge-
nase (LDH), and cytogenetic risk. To compare the levels of
CTCs measured by morphology and FC, we used Bland-
Altman plots with nonparametric limits of agreement because
of a non-normal distribution of data.22 Statistical analyses were
performed using R 4.0.3 and survival v3.2.11, survminer
v0.4.9, lubridate v1.7.10, readxl v1.3.1, and tidyverse v1.3.1
packages (Comprehensive R Archive Network, Vienna,
Austria). All plots were prepared using ggplot2 v3.3.5 R
package. Manual modifications were performed with Ink-
scape 1.0.1. We used P 5 .05 as a threshold for statistical
significance in all analyses.

RESULTS

Detection of CTCs in Transplant-Ineligible Patients With

Newly Diagnosed MM

CTCs were detected in 75% (296/395) of transplant-ineligible
patients with NDMM using FC with median LOD of 0.006%.
Median percentage of CTCs was 0.03% (range, 0%-13.5%;
Table 1). The median age at diagnosis was 72 years, median
BM PC infiltration was 23.4%, and the majority of patients
received proteasome inhibitor (PI)–based regimens (77.2%)
or PI and immunomodulatory drug combination (20.5%) as
first-line treatment in real-world clinical practice.

Optimal Cutoff for Identification of Ultra-High-Risk

PCL-Like MM Is 2% of CTCs

Analysis using cubic splines did not reveal any natural
cutoff identifying patients with ultra-high-risk PCL-like MM
(Data Supplement). Therefore, we aimed to find a clinically
relevant cutoff that would separate a group of patients with
comparably poor prognosis as pPCL. Using all possible
cutoffs from our cohort and loess function, we identified
that the cutpoint was approximately at the level of 2% CTCs
(Data Supplement). Patients with 2%-20% CTCs repre-
sented approximately 4% (15/395) of the whole cohort and
exhibited significantly shorter PFS compared with patients
with, 2% (3.1 v 15.6 months; P, .001; HR, 5.6; Fig 1A).
This was translated into significantly shorter median
OS (14.6 v 33.6 months; P 5 .023; HR, 2.0; Fig 1B).
Notably, of the 15 patients in the 2%-20% CTC group, only
20% (3/15) responded with partial response; the rest

TABLE 1. Baseline Characteristics of Transplant-Eligible and Transplant-Ineligible
Patients With Newly Diagnosed Multiple Myeloma

Baseline Characteristic
Transplant-Eligible

(N 5 185)
Transplant-Ineligible

(N 5 395)

Follow-up, months n 5 185 n 5 394

Median (IQR) 49.1 (26.1-69.2) 37.3 (19.5-62.0)

Age at diagnosis, years n 5 185 n 5 394

Median (min-max) 60.0 (31.0-81.0) 72.0 (44.0-91.0)

Sex, No. (%) n 5 185 n 5 395

Male 94 (50.8) 195 (49.4)

Female 91 (49.2) 200 (50.6)

Ig type, No. (%) n 5 185 n 5 394

IgG 106 (57.3) 263 (66.8)

IgA 49 (26.5) 78 (19.8)

LC only 25 (13.5) 41 (10.4)

Others 5 (2.7) 12 (3.0)

ISS stage, No. (%) n 5 185 n 5 389

I 73 (39.5) 91 (23.4)

II 70 (37.8) 133 (34.2)

III 42 (22.7) 165 (42.4)

% BMPCs (cytology) n 5 178 n 5 375

Median (min-max) 22.3 (0.0-97.0) 23.4 (0.0-92.8)

% CTCs n 5 185 n 5 395

Median (min-max) 0.02 (0.00-17.28) 0.03 (0.00-13.54)

Treatment type, No. (%) n 5 185 n 5 394

PI-based 107 (57.8) 304 (77.2)

IMiD-based 0 (0.0) 7 (1.8)

PI 1 IMiD 78 (42.2) 81 (20.5)

Conventional chemotherapy 0 (0.0) 2 (0.5)

Abbreviations: BMPC, bone marrow plasma cells; CTC, circulating tumor plasma
cell; IgA, immunoglobulin A; IgG, immunoglobulin G; IMiD, immunomodulatory
drug; IQR, interquartile range; ISS, International Staging System; LC, light chains;
PI, proteasome inhibitor.
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experienced stable or progressive disease. The median
percentage of CTCs in the 2%-20% group was 4.9%
compared with 0.03% in the, 2% group, and the median
BM PC infiltration was 52.5% compared with 23.0%,
yet the median level of serum M-protein was similar
(26.4 v 27.1 g/L;P5 .7). Patients in the 2%-20%group had a
significantly higher frequency of ISS stage III (73.3 v 41.2%;
P5 .014) and elevated LDH level (53.3% v 9.8%; P, .001).
At the same time, they had significantly lower baseline he-
moglobin levels (87.2 v 105 g/L; P , .001) and worse renal
functions (creatinine level 168 v 100 mmol/L; P 5 .039).
Interestingly, more than half of the patients (5/9) had high-risk
cytogenetic abnormalities in the 2%-20% group compared
with less than one third of the patients (52/173) in, 2%CTCs
group (Fig 2 and Data Supplement).

Next, we used Cox proportional hazard risk models to
compare the prognostic power of CTCs with other routinely

used prognostic markers such as ISS stage, LDH level, and
high-risk cytogenetics. Our results suggest that CTCs
are an independent prognostic biomarker in the multi-
variate analysis for both PFS (HR, 4.3; P , .001) and OS
(HR, 3.1; P 5 .006; Data Supplement).

Cutoff 2% of CTCs Is Applicable Also in Transplant-

Eligible Patients

Next, we wanted to knowwhether the 2% cutoff generated in
transplant-ineligible patients is applicable also for transplant-
eligible MM. For this confirmation, we used the Czech cohort
of 185 NDMM with the median age at diagnosis of 60 years.
In total, CTCs were detected in 72% (134/185) of patients;
median percentage of CTCs was 0.02% (range, 0%-17.3%).
Patients with 2%-20% of CTCs represented approximately
7% (13/185) and demonstrated significantly shorter median
PFS (15.4 v 25.3 months; P , .001; HR, 3.8; Fig 1C) and
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FIG 1. The optimal cutoff for identification of ultra-high-risk PCL-like multiple myeloma is 2% of CTCs. Kaplan-Meier curves for (A) PFS and (B)
OS for transplant-ineligible patients with NDMM (N 5 395); and (C) PFS and (D) OS for transplant-eligible patients with NDMM (N 5 185)
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median OS (43.1 v 79.7 months; P5 .001; HR, 3.1; Fig 1D)
than patients with , 2% of CTCs.

Validation of 2% Cutoff on the Independent Cohort of

Patients Treated in the GEM-CLARIDEX Trial

After demonstrating that the 2% cutoff of CTCs identifies
patients with ultra-high-risk PCL-like MM, we wanted to
validate the established threshold on independent cohort of
transplant-ineligible patients with NDMM. Of the 286 pa-
tients enrolled in the GEM-CLARIDEX trial, 280 patients had
quantified the number of CTCs by NGF. Using the estab-
lished cutoff, we identified PCL-like group of 12 patients
representing again approximately 4% (12/280) of NDMM.
Patients with 2%-20% of CTCs had significantly shorter
median PFS (11 v 29 months; P , .001; HR, 3.2) than
patients with , 2% (Fig 3). Patients in the ultra-high-risk
group had numerically inferior OS (2-year OS of 51% v
71%; P 5 .17; HR, 1.9; Data Supplement). Of the 12
patients in the 2%-20% CTC group, 58% (7/12) responded
but none reached MRD negativity (Data Supplement).

NDMM Patients With 2%-20% of CTCs Have Comparable

Prognosis With Patients With Primary PCL

To demonstrate that patients with NDMM with 2%-20% of
CTCs have similarly dismal outcomes as patients with
pPCL, we compared our transplant-ineligible cohort with
40 transplant-ineligible patients with pPCL treated in the
real-world setting published by Jurczyszyn et al (Data
Supplement). The median percentage of CTCs in the
pPCL cohort was 36.2%, and the majority of the patients

were treated with PI-based (53%) or IMiD-based regimens
(30%). The median OS for patients with pPCL was
practically identical to our cohort of transplant-ineligible
NDMM with 2%-20% of CTCs (13.0 v 14.6 months;
P5 .908) with overlapping KM curves (Fig 4A). Moreover,
we compared also the outcomes of the Czech cohort of
transplant-eligible patients (N 5 185) with 55 transplant-
eligible patients with pPCL treated in the real-world set-
ting. Patients were treated similarly in the real world,
dominantly by PI-based regimen (Czech cohort 57.8%
v pPCL cohort 50.0%). Again, the median OS was com-
parable between the two groups and KM curves were
overlapping (43.1 v 35.1 months; P 5 .972; Fig 4B).
Finally, we compared the outcomes of 2%-20% CTCs
group with Czech patients with pPCL (n 5 10) in both
transplant-ineligible and transplant-eligible settings and
again we demonstrated comparable prognosis in terms of
PFS and OS in both groups (Data Supplement).

Comparison Between Flow Cytometry and Morphology for

Quantification of CTCs

To link our data generated by FC to the most frequently
used morphologic assessment of PB smears, we con-
ducted Bland-Altman comparison between the two tech-
niques. We retrospectively reviewed available PB smears
from 70 patients with high levels of CTCs determined by FC
($ 0.2% of CTCs) and demonstrated a lowmean difference
between the two methods: 0.12% CTCs; with morphology
providing slightly higher results in average. Indeed,
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although the mean difference is minimal, the higher limits
of agreement (–2.24% and 11.89%) suggest, to some
extent, discordant results urging to use more accurate FC
method in routine practice (Data Supplement).

Patients With 2%-5% of CTCs Have Comparable

Outcomes as Patients With 5%-20% of CTCs

Finally, after revealing a low mean difference in CTC levels
between FC and morphology, we wanted to challenge the
currently established 5% threshold for the diagnosis of pPCL.

Thus, we further dissected the cohort with 2%-20% of CTCs
and compared patients with 2%-5% versus 5%-20% CTCs.
To obtain sufficient numbers of patients, we merged the
Czech cohort of transplant-ineligible patients with MM
(N 5 395) with the validation GEM-CLARIDEX cohort
(N 5 280). In 675 patients in total, we demonstrated that
those with 2%-5% CTCs had comparable median PFS as
patients with 5%-20% CTCs (3.4 v 5.1 months; P 5 .42),
and both groups had significantly shorter PFS than pa-
tients with, 2% CTCs, with a median PFS of 18.1 months
(P , .001; Fig 5).

DISCUSSION

Determination of prognosis or risk stratification is a routine
procedure at the time of diagnosis across all blood and solid
cancers. Identification of patients with exceptionally favorable
outcomes or ultra-high-risk disease is of utmost importance
as it guides the overall management of patients including the
type of therapy. In this study, we were able to define patients
with ultra-high-risk PCL-like MM using quantification of CTCs
by FC instead of traditional morphology.

We established the threshold of 2% CTCs, which identifies
patients with ultra-high-risk myeloma with practically identical
prognosis as patients with pPCL. We demonstrated that pa-
tients with 2%-20% have significantly shorter PFS and OS
than patients with , 2% CTCs in both transplant-ineligible
(3.1 v 15.6 months, and 14.6 v 33.6 months) and transplant-
eligible settings (15.4 v 25.3months, and 43.1 v 79.7months)
with clinically highly relevant differences. Importantly, we
successfully validated this cutoff on the independent cohort of
transplant-ineligible patients with NDMM treated in the GEM-
CLARIDEX trial. Finally, after revealing a low median
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circulating tumor plasma cell; NDMM, newly diagnosed multiple
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difference in CTC numbers between FC and morphology,
we showed that patients with 2%-5% CTCs have com-
parable outcomes as patients with 5%-20% CTCs. Be-
sides, we performed a multivariate analysis including
routinely used prognostic markers such as ISS stage, LDH
level, and high-risk cytogenetics, where CTCs emerged as
an independent prognostic factor for both PFS and OS. To
our knowledge, this is the first time that the prognostic
value of CTCs was confirmed also in transplant-ineligible
patients with MM.

The incorporation of novel biomarkers into diagnostic workup
is considered to be a crucial step toward personalized
medicine. In the field of MM, several staging systems have
been in use, such as the ISS, which was developed in 200523

and included albumin and beta-2 microglobulin. In 2015,
Revised-ISS was introduced, adding LDH level and cytoge-
netic abnormalities,24 and in 2022, updated byR2-ISS adding
chromosome 1q gain/amplification.25 Current staging sys-
tems enhanced by the level of CTCs have also been
published.26-28 Nevertheless, crucial works in this field were
published just recently by Bertamini et al and Garcés et al,
confirming CTCs as one of the most relevant prognostic
factors in transplant-eligible NDMM with the potential to
become a part of staging systems. Indeed, the optimal cutoffs
were determined to be 0.07%7 and 0.01%4 CTCs, respec-
tively, in fact two orders of magnitude lower than ours, just
depicting the ultra-high-risk character of patients identified by
2% CTCs. The threshold of 2% CTCs identifies a small subset
(approximately 4%-7%) of NDMM with extremely poor

outcomes, thus being an ideal tool for guiding therapy. Novel
agents with possible activity in pPCLmight be considered.29-33

The applicability of CTCs as a reliable biomarker is virtually
100% compared with cytogenetics, which is available only in
35%-50% of cases in the real-world setting (unpublished
data, Czech RMG), and up to 75%-90% in randomized
clinical trials.34-38 FC represents an ideal method for the
quantification of CTCs as it is (1) widely available, (2) highly
sensitive, (3) technically simple, and (4) a financially afford-
able method.39-41

Primary PCLwas proposed as a separate clinical entity almost
50 years ago by Kyle et al9 because of its especially ag-
gressive behavior and short survival. It is defined by the
presence of $ 20% or 2 3 109/L CTCs evaluated by mor-
phology on PB smears.42 There have been many efforts to
redefine and decrease this threshold to better reflect the
adverse prognosis of patients with an elevated number of
CTCs, usually to 2%or 5%bymorphology.16,17,43 In 2021, the
International Myeloma Working Group published a position
paper where the diagnostic criteria for pPCL were changed
and the threshold was decreased to $ 5% of CTCs by
morphology on the basis of two retrospective studies from the
United States and Spain.11 Unfortunately, there was no
scientific rationale to establish this particular threshold.
Moreover, both studies provided discordant results regarding
the subgroup of patients with 1%-4% of CTCs.16,17

It is remarkable to observe that OS intervals in our analysis in
patients with 2%-20% CTCs agree with recently reported
survival rates in pPCL.13,16-20,44,45 Moreover, the outcomes of
patients with 2%-20% CTCs are comparable to those iden-
tified by the transcriptomic classifier developed by Hofste Op
Bruinink et al.20 Finally, our study demonstrated that patients
with 2%-5% CTCs have comparable outcomes as patients
with 5%-20% of CTCs. All these findings challenge the po-
sition of pPCL as a separate clinical entity from MM.

Indeed, we do not want to establish a new threshold for pPCL
being 2% of CTCs here; rather, we want to propose a novel
ultra-high-risk subgroup of patients with NDMMwith adverse
prognosis. We believe that pPCL is not a distinct clinical
entity, but rather that it represents ultra-high-risk MM. This
dissection induces many practical issues in routine practice.
Currently, patients with pPCL are practically always excluded
from commercial as well as academic clinical trials. More-
over, in many countries across the world, there are reim-
bursement issues with novel and expensive agents for
patients with pPCL who paradoxically need the most modern
and intensive treatment. We propose that the assessment of
CTCs by FC becomes a standard part of diagnostic workup.
With the 2% cutoff of CTCs, we are able to identify a small
subset of NDMM (approximately 4%-7% of all patients) with
ultra-high-risk disease resembling features of pPCL.
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cell; PFS, progression-free survival.

Journal of Clinical Oncology 1389

$ 2% of Circulating PCs Defines Plasma Cell Leukemia–Like MM

Downloaded from ascopubs.org by 161.111.10.228 on October 26, 2023 from 161.111.010.228
Copyright © 2023 American Society of Clinical Oncology. All rights reserved. 



AFFILIATIONS
1Department of Hematooncology, University Hospital Ostrava and Faculty
of Medicine, University of Ostrava, Ostrava, Czech Republic
2Department of Clinical Hematology, University Hospital Brno, Brno,
Czech Republic
3Department of Biology and Ecology, Faculty of Science, University of
Ostrava, Ostrava, Czech Republic
4Institute of Biostatistics and Analyses, Ltd, Brno, Czech Republic
5Babak Myeloma Group, Department of Pathophysiology, Faculty of
Medicine, Masaryk University, Brno, Czech Republic
6Department of Internal Medicine, Hematology and Oncology, University
Hospital Brno and Faculty of Medicine Masaryk University, Czech
Republic
7Clinica Universidad de Navarra, Centro de Investigacion Medica
Aplicada (CIMA), Instituto de Investigacion Sanitaria de Navarra
(IDISNA), CIBER-ONC number CB16/12/00369, Pamplona, Spain
8Hospital Universitario de Salamanca, Instituto de Investigacion
Biomedica de Salamanca (IBSAL), Centro de Investigación del Cancer
(IBMCC-USAL, CSIC), CIBER-ONC number CB16/12/00233,
Salamanca, Spain
9Hospital 12 de Octubre, CIBER-ONC number CB16/12/00369, Madrid,
Spain
10Plasma Cell Dyscrasia Center, Department of Hematology, Jagiellonian
University Medical College, Faculty of Medicine Cracow, Poland
11Division of Hematologic Malignancies, Dana-Farber Cancer Institute,
Harvard Medical School, Boston, MA
124th Department of Internal Medicine—Hematology, University
Hospital Hradec Kralove, Charles University, Faculty of Medicine in
Hradec Kralove, Hradec Kralove, Czech Republic

CORRESPONDING AUTHOR
Roman Hajek, MD, PhD, Department of Haematooncology, University
Hospital Ostrava, 17. listopadu 1790/5, 708 52 Ostrava, Czech
Republic; e-mail: roman.hajek@fno.cz.

EQUAL CONTRIBUTION
T.J., R.B., and D.Z. contributed equally to this work and are joint first
authors.

PRIOR PRESENTATION
Presented in part at the American Society of Hematology 2021 annual
meeting, Atlanta, GA, December 12, 2021.

SUPPORT
Supported by the European Regional Development Fund—New
Directions of Biomedical Research in the Ostrava Region (No.
CZ.02.1.01/0.0/0.0/18_069/0010060), by the National Institute for
Cancer Research (Program EXCELES, ID Project No. LX22NPO5102)—
Funded by the European Union—Next Generation EU and by the Ministry
of Health of the Czech Republic (AZV—NU21-03-00076), Institutional
Support by MH CZ—DRO—FNOs/2019, MH CZ—DRO—FNOs/2020,

Student’s grant system SGS12/PrF/2022, SGS10/LF/2022 University of
Ostrava and by the Ministry of Education, Youth and Sports of the Czech
Republic through the e-INFRA CZ (ID:90140). The work was also
supported by Centro de Investigación Biomédica en Red—Área de
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