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Abstract

Circulating tumor plasma cells (CTPC) have emerged as valuable diagnostic and prognostic marker in multiple myeloma (MM), 
with their presence linked to progression from precursor stages and poorer outcomes in newly diagnosed MM (NDMM). While 
quantitative CTPC enumeration is increasingly validated, comprehensive phenotypic profiling across disease stages remains 
lacking. We applied 36-parameter spectral flow cytometry to 113 peripheral blood mononuclear cell samples of monoclonal 
gammopathy of undetermined significance (N=42), smouldering MM (N=22), NDMM (N=15), treated MM (N=24), and healthy 
controls (N=10), alongside paired bone marrow (BM) samples from six NDMM patients. CTPC were defined phenotypically as 
CD45-CD38highCD56+ events without assessment of clonality. Phenotypic profiling of the CD56+ CTPC-like subset across disease 
stages revealed alterations in canonical and lineage-atypical surface markers. Progression to NDMM was characterized by 
upregulation of CD38 and CD56 with concomitant loss of B- (CD19), myeloid- (CD14, CD16), and T-cell-associated (CD45RA) 
markers. In addition, HLA-ABC, interleukin receptor subunits (CD25, CD123), and chemokine receptors (CCR6, CCR7) were 
upregulated in NDMM. In treated MM, a reversed pattern was observed with lower CD25 and CD123 expression and increased 
levels of exhaustion markers (TIGIT, PD-1). Paired BM samples showed a different tissue-residency marker expression, char-
acterized by higher CD69 and CCR6 and lower CD138, along with changes in cell-survival related markers, including increased 
CD25 and CD123. Both BCMA and CD307e were more highly expressed on BM plasma cells than CTPC. This study is among 
the first to provide a comprehensive phenotypic characterization of CD56+ CTPC across the MM spectrum, including check-
point and chemokine receptors, treated disease cases, and paired BM samples for NDMM.

Introduction

Multiple myeloma (MM) is a plasma cell dyscrasia char-
acterized by the clonal proliferation of malignant plasma 
cells (PC) within the bone marrow (BM), leading to abnormal 
immunoglobulin production and progressive skeletal de-
struction. In most cases, MM evolves from precursor con-
ditions such as monoclonal gammopathy of undetermined 
significance (MGUS) and smouldering MM (SMM), which 
can persist for years before overt malignancy develops.1,2

Disease progression is likely driven by a dynamic crosstalk 
between malignant PC and the tumor microenvironment 
(TME), promoting sub-clonal evolution as well as invasion 
across various BM niches and beyond.3 In long-standing 
precursor lesions, chronic immune activation likely expos-
es the immune system to tumor-associated neoantigens 
over many years, leading to immune dysfunction and T-cell 

exhaustion.3,4 However, the underlying biology including 
the timely pattern of disease progression remains poorly 
understood. Current risk-stratification models, despite 
recent advances, still have limitations in predicting which 
patients with MGUS or SMM will progress to symptomatic 
MM,5,6 underscoring the need for more precise biomarkers.
Circulating tumor plasma cells (CTPC) have emerged as 
a powerful diagnostic and prognostic tool in MM. Using 
spectral flow cytometry (SFC), CTPC can be detected in 
the peripheral blood (PB) of virtually all newly diagnosed 
MM (NDMM) patients and, depending on assay sensitivity, 
reliably identified in precursor conditions.7 Their presence 
is associated with progression in MGUS and SMM and is 
linked to poorer outcomes in NDMM, although definitive 
cut-offs still need to be established.8,9 Interestingly, high 
CTPC counts are observed to be associated with a distinct 
immune profile in both PB and TME (e.g., higher levels of 
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cytotoxic T/NK cells and tumor-associated macrophages, 
increased memory/naive B-cell ratio).10,11 Yet, while quan-
titative CTPC enumeration is increasingly validated, com-
prehensive phenotypic profiling of CTPC themselves across 
disease stages is lacking.
In this study, we leveraged high-parameter spectral flow 
cytometry in a real-world cohort of MGUS, SMM, NDMM, 
and treated MM patients to delineate CTPC phenotypic 
evolution across disease stages. Our aim was to uncover 
biomarkers in precursor conditions and advance our un-
derstanding of myeloma biology.

Methods

Study population and clinical data acquisition
We conducted a cross-sectional study including adult pa-
tients with MGUS, SMM, NDMM or treated MM in an outpa-
tient care setting at the department of Internal Medicine II, 
University Hospital Tübingen. From February 2022 to July 
2023, we obtained peripheral blood mononuclear cell (PB-
MC) samples from 103 patients, who met flow cytometry 
quality control criteria (i.e., sufficient viable cell counts for 
staining and measurement, circulating plasma cell [CPC] 
count over limit of detection) and study inclusion criteria 
(Figure 1). Six matched BM aspirates of NDMM patients 
were collected. Ten fully anonymized healthy blood-bank 
donors served as controls.
For MGUS, SMM and MM patients, electronic medical re-
cords were reviewed regarding disease subtype, therapy 
lines, remission status (defined based on the International 
Myeloma Working Group [IMWG] criteria), and laboratory 
findings. Risk stratification was performed using the Mayo 

Clinic MGUS Risk Stratification Model,12 the IMWG 2/20/20 
model for SMM,6 and the updated IMS/IMWG high-risk 
guidelines for MM patients.13

Analysis of multiparameter spectral flow cytometry
PBMC were enriched by density gradient centrifugation 
and viably frozen.
Single-cell suspensions from PBMC of patients were 
stained with fluorescently labeled antibodies (see Online 
Supplementary Table S1 and the Online Supplementa-
ry Appendix for more details). For spectral unmixing, a 
combination of both single stained cells and UltraComp 
eBeads™ Plus Compensation Beads (ThermoFisher) was 
applied. Dead cells were excluded using LIVE/DEAD™ 
Fixable Blue Dead Cell Staining dye (ThermoFisher). The 
panel and gating strategy were adapted from the OMIP-069 
immunophenotyping protocol.14 Samples were acquired 
using a Cytek AURORA spectral flow cytometer enabling 
simultaneous detection of all cell types and qualitative 
markers. Analysis was performed with Cytolution Software 
(from Cytolytics GmbH) using manual gating as shown in 
Online Supplementary Figure S1 for B cells and PC with 
subsequent cluster exploration to analyze mean fluores-
cence intensity (MFI) values across each cellular subset. 
A more detailed description can be found in the Online 
Supplementary Appendix.
CPC were identified by a CD45-CD38high immunopheno-
type. CD56 expression was subsequently used to iden-
tify aberrant CPC (i.e., CD56+ CTPC), as CD56 represents 
one of the most consistently altered markers in clonal 
plasma cells.15 Light chain clonality (κ/λ) and additional 
markers included in the EuroFlow next-generation flow 
cytometry (NGF) panel, such as CD27 or CD81, were not 

Figure 1. Overview of study design and samples. The study included 5 cohorts: healthy individuals, monoclonal gammopathy of 
undetermined significance (MGUS), smouldering multiple myeloma (SMM), newly diagnosed MM (NDMM), and treated MM. Pe-
ripheral blood mononuclear cells (PBMC) were collected from all participants, and 6 additional matched bone marrow (BM) as-
pirates were obtained. After quality control, samples were analyzed by multi-dimensional spectral flow cytometry to character-
ize CD56+ circulating tumor plasma cell (CTPC) phenotypes. Created with: Stanger, A. [2026] https://BioRender.com/xn04d8n).
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Table 1. Clinical, laboratory and molecular characteristics of the study cohort.

Characteristics MGUS
N=42

SMM
N=22

NDMM
N=5

treated MM
N=24

Healthy controls*
N=10

Sex: male, N (%) 20 (48) 9 (41) 7 (47) 13 (54) NA

Age initial diagnosis, years, mean (range) 57.7 (33-86) 61.3 (35-79) 67.1 (41-87) 61.3 (43-81) NA

Age at sampling, years, mean (range)
<65
≥65

62.8
25
17

65.9
10
12

67.1
5

10

66.3
11
13

NA

Hemoglobin level, mean, g/dL (range)
Unknown, N

13.6 (10.1-15.8)
5

13.4 (10.2-15)
0

11.6 (8.2-15.5)
0

12.4 (8.9-16.3)
0 NA

B2-microglobulin, median, mg/L (range)
>5.5, N (%)
>5.5 & creatine <1.2 mg/dL, N (%)
Unknown, N (%)

2.3 (1.1-4.5)
0 (0)
0 (0)

11 (26)

2.3 (1.4-3.3)
0 (0)
0 (0)
2 (9)

3.8 (1.5-7.1)
2 (13)
1 (7)
0 (0)

5.5 (1.8-17.5)
6 (25)
2 (8)
2 (8)

NA

ISS, N (%)
1
2
3
Unknown

NA NA

 
4 (27)
7 (47)
4 (27)
0 (0)

 
5 (21)
11 (46)
8 (33)
0 (0)

NA

IMS/IMWG-HR consensus 2025, N (%)
Standard-risk
High-risk
Unknown

NA NA
 

11 (73)
3 (20)
1 (7)

 
15 (62)
4 (17)
5 (21)

NA

MGUS risk score, N (%)
0 low
1 intermediate-low
2 intermediate-high
3 high

 
16 (38)
20 (48)
5 (12)
1 (2)

NA NA NA NA

SMM 20/2/20 risk score, N
0 low
1 intermediate
≥2 high

NA
 
7
7
8

NA NA NA

Immunoglobulin subtype, N (%)
IgG
IgA
LCO
IgM

 
33 (78)
4 (10)
1 (2)

4 (10)

 
16 (73)
5 (23)
1 (4.5)
0 (0)

 
10 (67)
4 (27)
1 (7)
0 (0)

 
13 (54)
6 (25)
5 (21)
0 (0)

NA

Induction treatment, N (%)
PI
IMiD
PI + IMiD
Other

NA NA NA

 
6 (25)
3 (13)
15 (62)

0 (0)

NA

HD/ASCT, N (%)
No HD/ASCT
Single HD/ASCT
Tandem HD/ASCT

NA NA NA
 

7 (29)
12 (50)
5 (21)

NA

Treatment at sampling, N (%)
IMiD
Anti-CD38
Anti-CD38 + IMiD
Anti-BCMA CAR T
Watch and wait

NA NA NA

 
19 (79)

0 (0)
0 (0)
1 (4)
4 (17)

NA

Remission at sampling, N (%)
CR
PR
PD

NA NA initial diagnosis
 

17 (71)
4 (17)
3 (12)

NA

*Samples were obtained from a blood bank and were fully anonymized. MGUS: monoclonal gammopathy of undetermined significance; SMM: 
smouldering multiple myeloma; NDMM: newly diagnosed multiple myeloma; ISS: International Staging System; IMS: International Myeloma So-

Continued on following page.
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primarily used to gate CTPC. The limit of detection was 
set at >20 CPC events, and samples below this threshold 
were excluded from marker expression analyses.

Ethics and informed consent
The study was approved by the institutional Ethical Com-
mittees in accordance with the Declaration of Helsinki 
(number 161/2022B02). All patients and controls provided 
informed consent before study inclusion.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 
(v10.5.0). Comparisons were performed after analysis of 
normal distribution using the Anderson-Darling test. Con-
tinuous variables were analyzed using Welch’s t test, paired 
t test, Mann-Whitney test or Wilcoxon rank-sum tests as 
appropriate. We performed ANOVA (normally distributed) 
or Kruskal-Wallis (K-W, non-parametric) to investigate 
differences in >2 groups, with adjustment for multiple 
comparisons by post hoc Benjamini, Krieger and Yekutieli 
procedure for false discovery rate (FDR) correction. Desired 
FDR Q was set at 0.05. Test-specific effect sizes were re-
ported for all analyses, with 95% confidence intervals (CI) 
where applicable. All tests were two-sided, and P values 
<0.05 were considered significant. In case of FDR correc-
tion, adjusted P values (q values) of <0.05 were considered 
a statistically significant discovery.

Results

Patient and treatment characteristics
One hundred and three patients were included in the 
analysis, of which 42 (40.7%) had MGUS, 22 (21.4%) SMM, 
15 (14.6%) NDMM and 24 (23.3%) treated MM at sample 
collection (Figure 1). In addition to PBMC, paired BM sam-
ples were available for six of 15 NDMM patients (40.0%). 
Clinical baseline and treatment characteristics are sum-
marized in Table 1. Mean interval from initial diagnosis to 
sample collection was 60.2 months (interquartile range 
[IQR], 13.8-78.3) for MGUS, 53.0 months (IQR, 14.0-89.3) for 
SMM, 1.0 month (IQR, 0.0-1.0) for NDMM and 60.0 months 
for treated MM (IQR, 36.3-77.3). All subsequent results 
are presented with reference to PBMC unless otherwise 
specified and focus on differences between MGUS, SMM 
and NDMM in comparison to healthy controls.

B-cell counts and disease progression
The percentage of total B cells (CD19+) of all CD45+ cells 
in PB did not significantly differ between healthy con-
trols (mean 10.43%, standard deviation [SD] 2.20), MGUS 
(mean 10.77%, SD 4.45), SMM (mean 9.93%, SD 5.64) and 
NDMM (11.27%, SD 7.01). However, a relevant subset of 
MGUS (33%), SMM (50%) and MM patients (40%) had re-
duced B-cell proportions compared to healthy controls 
(Figure 2A). Moreover, subset analysis revealed distinct 

ciety; HR: hygh-risk; HD/ASCT: high-dose chemo-therapy/autologous stem cell transplantation; CR: complete response; PR: partial response; 
PD: progressive disease; IMWG: International Myeloma Working Group; PI: proteasome inhibitor; IMiD: immunomodulatory drug; NA: not appli-
cable; LCO: light chain only; N: number; BCMA: B-cell maturation antigen; CAR: chimeric antigen receptor.

Figure 2. Distribution of B-cell subsets in peripheral blood changes with disease evolution. (A) Proportion of B cells (CD19+) among 
CD45+ peripheral blood cells for each group; healthy N=9; monoclonal gammopathy of undetermined significance (MGUS) N=42; 
smouldering multiple myeloma (SMM) N=22; newly diagnosed MM (NDMM) N=15. Whiskers mark minimum and maximum. (B) 
Distribution of B-cell subsets according to disease stage. Values are shown as percentage of total B cells in peripheral blood. 
Statistical significance was determined via ANOVA or Kruskal-Wallis with post hoc false discovery rate correction. Asterisks mark 
a statistically significant discovery.

A B
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changes in the composition of the B-cell compartment 
with disease progression. The percentage of naive B cells 
in MGUS (67.65%) and SMM (65.94%) did not differ from 
healthy controls (67.46%) (healthy vs. MGUS adj. P=0.851; 
healthy vs. SMM adj. P=0.837), whereas a marked drop in 
naive B cells was seen in NDMM (55.16%) compared to 
MGUS (adj. P=0.036; Hedges’ g=0.84; 95% CI: 0.21-1.46) 
and SMM (adj. P=0.089; Hedges’ g=0.63; 95% CI: 0.02-
1.24) (Figure 2B). Switched and unswitched memory B 
cells were lower in MGUS (8.79% and 4.08%, respectively) 
and SMM (6.58% and 2.92%, respectively) compared to 
healthy levels (11.07% and 8.31%; healthy vs. SMM adj. 
P=0.013 for unswitched, rrb=0.41) but significantly high-
er in NDMM (16.84% and 11.50%; NDMM vs. MGUS adj. 
P=0.004; rrb=0.43 and NDMM vs. SMM adj. P<0.001, rrb=0.61 
for switched; NDMM vs. MGUS adj. P< 0.001, rrb=0.53 and 
NDMM vs. SMM adj. P<0.001; rrb=0.71 for unswitched) 
(Figure 2B). Conversely, a trend toward higher levels of 
translational B cells in MGUS (4.15%) and SMM (4.04%) 
was seen compared to NDMM (2.21%), yet this trend did 
not reach statistical significance (NDMM vs. MGUS/SMM 
both P=0.065). No differences were found for plasmablast 
counts in PB (Figure 2B).

Circulating plasma cell and circulating tumor plasma 
cell counts and disease progression
CD56- CPC could be found in 100% of healthy donors with 
a median of 44.6/100.000 cells. They were slightly lower in 
MGUS (median 37.2/100.000 cells) and SMM (37.7/100.000 
cells) but comparable to healthy levels in NDMM (median 
48.7/100.000 cells) (Figure 3A). The median number of CD56+ 
CTPC rose significantly from MGUS (2.54; IQR, 1.13-7.18) to 
SMM (6.96; IQR, 2.66-13.89) to NDMM (median 16.34; IQR, 
12.86- 86.78) (overall P<0.001; ε²= 0.17) (Figure 3B). For the 
whole CPC compartment in the PB, this translated into a 
significantly increased median percentage of CD56+ CTPC 
from MGUS (5.62%), to SMM (13.01%) and NDMM (32.41%) 
(overall P=0.002; ε²=0.20) (Figure 3C). PC with aberrant 
CD56 expression were also found in healthy donors, albeit 
at lower frequencies compared to precursor states and 
NDMM (median 1.9/100.000 cells; IQR, 0.49-3.84, median 
percentage of all CPC 3.65%) (Figure 3B, C).
Exploratorily, we categorized all samples into “CTPC high” 
(≥0.02%) and “CTPC low” (<0.02%) by using a threshold 
established by Kostopoulos et al.16 for CTPC enumeration by 
NGF. Classified as “CTPC high” were 9.5% (4/42) of MGUS, 
18.2% (4/22) of SMM and 40.0% (6/15) of NDMM (Figure 3D). 

Figure 3. CD56+ circulating tumor plasma cell counts discriminate disease stage. (A) Relative distribution of CD56- circulating 
plasma cells (CPC) (CD45- CD38+ CD56-) for each group; healthy N=10, monoclonal gammopathy of undetermined significance 
(MGUS) N=42, smouldering multiple myeloma (SMM) N=22, newly diagnosed MM (NDMM) N=15. (B) Relative distribution of CD56+ 
circulating tumor PC (CTPC, CD45- CD38+ CD56+) for each group. (C) Percentage of CD56+ CTPC from all CPC for each group. Da-
ta is presented as box-and-whisker plot with median values indicated. Statistical significance was determined via Welch’s ANO-
VA with post hoc false discovery rate correction. Asterisks mark a statistically significant discovery. (D) Visualization of the dis-
tribution of „CTPC high“ samples (≥0.02% CD56+ CTPC of all nucleated cells in peripheral blood) versus „CTPC low“ samples 
(<0.02% CD56+ CTPC) at different disease stages.

A B C
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Acknowledging the cohort size in our study as well as the 
use of a SFC, we did not observe any clear correlations 
between “CTPC high” and advanced risk scores for MGUS 
and SMM cases. Among the six NDMM samples classified 
as “CTPC high”, two patients were also classified as IMS/
IMWG high-risk (33.3%). All “CTPC low” NDMM samples had 
standard-risk according to IMS/IMWG criteria, except one 
classified as high-risk due to elevated β2-microglobulin 
with additional gain1q21. When applying a less stringent 
threshold of 2% of nucleated cells for classification as 
“CTPC high”, none of the patients in our groups met this 
criterion.

Circulating tumor plasma cell phenotype profiles
CTPC phenotypic profiling was based using a total of 36 
parameters (Online Supplementary Table S1), with CTPC 
phenotypically defined as CD45⁻CD38highCD56⁺ events, whilst 
clonality was not assessed. Therefore, the findings reflect 
the CD56⁺ CTPC-like subset. CPC from healthy controls 
served as comparison. Across disease progression from 
MGUS and SMM to NDMM, CD56+ CTPC showed distinct 
changes in marker expression, including aberrant expression 
of markers not typically expected with the CTPC phenotype. 
All P values for each marker and comparison are provided 
in Online Supplementary Table S2, and boxplots for each 
marker are shown in Online Supplementary Figure S2.

B- and plasma-cell related markers on circulating tumor 
plasma cells across disease stages
Consistent with normal PC maturation, CD56+ CTPC showed 
increasing CD38 expression accompanied by loss of CD19 
expression across disease stages, reaching the highest CD38 
levels (according to its mean fluorescence intensity [MFI]) 
in NDMM. CD27 levels were consistently lower compared 
to healthy PC. CD138 and BCMA expression remained sta-
ble across MGUS, SMM, and NDMM, whereas CD307e was 
significantly upregulated in SMM and NDMM compared to 
MGUS (both adj. P<0.01; rrb=0.34 and 0.59) (Figure 4A). Al-
though, particularly in MGUS, wide interpatient variability 
was observed. CD20 showed no clear pattern across stages; 
however, the highest levels in NDMM were observed in a 
patient with t(11;14). Interestingly, even though CTPC were 
defined as CD45 negative, the CD45RA isoform showed 
robust expression in MGUS, whereas levels were lowest in 
NDMM (overall P<0.001; η²=0.41; 95 % CI: 0.23-0.55) (Figure 
4B, G; Online Supplementary Figure S4).

T- and myeloid-cell related markers on circulating tumor 
plasma cells across disease stages
While CD3 expression on PC was mutually exclusive with 
CD56 in our data, resulting in the absence of CD3⁺ CTPC 
(data not shown), several T-cell associated markers were 
aberrantly expressed on CD56+ CTPC despite the lack of 
CD3 expression. CD4 expression declined in MGUS samples 
but showed no further significant changes in SMM and 

NDMM relative to healthy PC. In contrast, CD8 expression 
on CTPC seemed to robustly increase from precursor 
states to NDMM (overall P<0.001; ε²=0.36) (Figure 4C). In 
cross-sectional comparison, expression of the interleukin 
(IL) receptor subunits CD25/IL-2RA and CD123/IL-3RA were 
lower in MGUS and SMM than in healthy controls, but again 
equally expressed in NDMM (CD25: overall P<0.001; ε²=0.22; 
CD123: overall P<0.001; ε²=0.29) (Figure 4D, H). In contrast 
to IL receptor subunits, the myeloid-related cell markers 
CD14 and CD16 were highest expressed on CD56+ CTPC in 
MGUS, followed by a lower expression across subsequent 
disease stages (CD14: overall P=0.010; ε²=0.10; CD16: overall 
P=0.001; ε²= 0.15) (Figure 4D).

Activation, checkpoint, and chemokine receptor 
signatures on circulating tumor plasma cells across 
disease stages
We next assessed aberrant expression of activation signa-
tures on CD56+ CTPC. The activation marker CD69 showed 
declining levels from MGUS over SMM to NDMM samples, 
with the lowest MFI observed in NDMM (overall P<0.001; 
ε²=0.34) (Figure 4E). In contrast, HLA-DR and HLA-ABC 
expression, reduced in MGUS and SMM, reached levels 
comparable to those in healthy controls in NDMM (Figure 
4B). Among checkpoint molecules, TIM-3 expression on 
CD56+ CTPC showed a trend toward upregulation in NDMM 
compared to MGUS and SMM, although this did not reach 
statistical significance (NDMM vs. MGUS/SMM: both adj. 
P=0.103; rrb=0.17 and 0.38), whereas PD-1 and TIGIT showed 
the opposite pattern, with significant lower expression in 
SMM and NDMM (NDMM vs. MGUS: adj. P<0.001 for PD-1; 
rrb=0.59; P=0.002 for TIGIT; rrb=0.48) (Figure 4E, I).
Interestingly, the chemokine receptors CCR6 and CCR7 
were elevated in NDMM compared to all other groups, with 
CCR7 showing a particularly pronounced increase (CCR6: 
NDMM vs. MGUS/SMM adj. P<0.01; rrb=0.39 and 0.50; CCR7: 
NDMM vs. MGUS/SMM adj. P<0.001; rrb=0.60 and 0.67) (Fig-
ure 4F, J). The expression of CCR4 remained stable across 
disease stages and was comparable to MFI on CPC from 
healthy donors.

Circulating tumor plasma cell phenotypes in the treated 
multiple myeloma cohort
In the treated MM cohort (N=24), a mostly reversed pat-
tern compared to the disease evolution from MGUS, SMM 
to NDMM could be observed. Compared to NDMM, CD56+ 
CTPC displayed a significant lower expression of CD38 
(P<0.001; rrb=0.73) and CD56 (P=0.001; rrb=0.62) as well as 
a significant regain of CD19 (P=0.006; rrb=0.52) and CD45RA 
(P<0.001; Hedges’ g=1.79; 95% CI: 1.05-2.58) after treat-
ment (Figure 5A-C). Interestingly, CD307e expression was 
significantly lower in the treated cohort (P<0.001; rrb=0.76), 
whereas the expression of BCMA increased compared to 
NDMM (P=0.020; Hedges’ g=0.67; 95% CI: 0.02-1.35) (Fig-
ure 5B). Of note, only one of our treated patients received 
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BCMA-directed therapy (Table 1) and this patient did show 
a comparable BCMA expression to other samples without 
BCMA-directed therapy.
The MFI of T-cell related markers such as CD4 and CD8 
significantly decreased post-treatment compared to NDMM 
(P<0.001; Hedges’ g=1.02; 95% CI: 0.34-1.72; and P<0.001; 
Hedges’ g=1.52; 95% CI: 0.81-2.28, respectively). Moreover, 
the expression of the IL receptor subunits CD25 (P<0.001; 
rrb=0.81) and CD123 (P=0.003; Hedges’ g=0.93; 95% CI: 0.26-
1.62) was significantly lower in the treated cohort compared 
to NDMM (Figure 5D). Checkpoint and chemokine receptor 
expression appeared to recover after treatment. Although 
based on a cross-sectional setting, the trends were striking, 
with PD-1 (P<0.001; rrb=0.78) and TIGIT (P=0.003; rrb=0.56) 
increasing and TIM-3 (P=0.002; rrb=0.78), CCR6 (P=0.192; 
rrb=0.26) and CCR7 (P=0.004; rrb=0.55) decreasing again 

compared to NDMM (Figure 5E, F).

Circulating tumor plasma cell phenotypes compared to 
bone marrow plasma cell phenotypes in newly diagnosed 
multiple myeloma
For six patients with NDMM paired PB and BM samples were 
available, which were further analyzed regarding phenotyp-
ic differences. The six combined samples presented with 
similar differences when comparing PB and BM (Online Sup-
plementary Figure S3). Whereas CD69 expression was low 
on CD56+ CTPC in NDMM, BMPC exhibited markedly higher 
CD69 levels (P=0.013; dz=1.55; 95% CI: 0.68-4.16), potentially 
in analogy to its role in tissue residency in T cells (Figure 
6A). Conversely, CD56+ CTPC showed a significantly higher 
expression of CD138 (Figure 6A) than their BM counterparts 
(P=0.002; dz=2.48; 95% CI: 0.77-4.15), whereas expression of 

Figure 4. CD56+ circulating tumor plasma cells show phenotypic evolution and expression of atypical markers with disease pro-
gression. (A-F) Expression of surface markers within the CD56+ circulating tumor plasma cell (CTPC) population at different 
disease stages, displayed as heatmap; monoclonal gammopathy of undetermined significance (MGUS) N=41, smouldering multi-
ple myeloma (SMM) N=22, newly diagnosed MM (NDMM) N=15. Values are shown as change in the group’s mean fluorescence 
intensity (MFI) compared to the MFI of the healthy control group (N=10). Circulating plasma cells (CPC) were used as control in 
the healthy cohort. (G-J) Transformed MFI values on CD56+ CTPC at different disease stages for CD45RA, CD123, PD1 and CCR7 
in comparison to CPC from the healthy cohort. Data is presented as box and whisker plots with median values indicated. Statis-
tical significance was determined via ANOVA or Kruskal-Wallis with post hoc false discovery rate correction. Asterisks mark a 
statistically significant discovery; NS: no statistically significant discovery.
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CD14 (P=0.007; dz=1.77; 95% CI: 0.42-3.08), CD25 (P=0.009; 
dz=1.67; 95% CI: 0.77-4.45) and CD123 (P=0.017; dz=1.44; 95% 
CI: 0.59-3.93) (Figure 6A, B; Online Supplementary Figure S3) 
was significantly lower on CD56+ CTPC. Interestingly, BCMA 
and, in particular, CD307e expression were significantly higher 
on BMPC than on CD56+ CTPC (P=0.049; dz=1.06; 95% CI: 
0.01-2.05; and P=0.002; dz=2.53; 95% CI: 1.37-6.48, respec-
tively) (Figure 6C). CD8 showed a markedly higher expression 
on BMPC compared to CD56+ CTPC in all samples (P=0.002; 
dz=2.38; 95% CI: 1.29-6.10) (Figure 6B). Finally, CCR6 was 
significantly lower expressed on CD56+ CTPC than on BMPC 
(P=0.037; dz=1.15; 95% CI: 0.06-2.18), whereas no differences 
were observed for CCR4 and CCR7, possibly reflecting the 
distinct chemokine milieu in PB (Figure 6D).

Discussion

In this study, we used multi-dimensional spectral flow 
cytometry with a 33-marker (36 parameter) panel in a 
cohort of MGUS, SMM, NDMM, and treated MM patients 
to delineate B-cell and CD56+ CTPC phenotypes across 
disease stages and after treatment.
Using this technique, we showed no significant differenc-

es regarding absolute B-cell counts and subset distribu-
tions in PB between MGUS patients and healthy controls. 
However, NDMM samples were marked by higher levels of 
switched and unswitched memory B cells compared to 
precursor stages as well as a drop in naive B-cell counts. 
The observation of increased memory B cells is consistent 
with previous studies,17,18 and has led to speculation about 
possible “myeloma-initiating” or MM stem cells among the 
circulating memory B-cell population.18,19 Furthermore, it 
has been shown that MM cells in relapse seem to emerge 
from a pool of progenitor cells found among B cells,20 
highlighting the necessity of further investigation into the 
relationship between B cells and MM cells.
Analyses of relative and absolute CD56+ CTPC counts 
demonstrated stepwise increases from MGUS to SMM to 
NDMM, as reported before.21 After exploratorily classifying all 
samples into “CTPC high” (≥0.02%) and “CTPC low” (<0.02%) 
by using a binary threshold analogous to Kostopoulos et 
al.,16 we did not observe strong overlap with established 
risk stratification models in precursor stages. For NDMM, 
virtually all CTPC-low cases (8/9, 89%) were classified as 
standard risk by the updated IMS/IMWG HR guidelines. 
Interestingly, a gain or amplification of 1q21 was present in 
four of six (66.7%) CTPC-high samples, but only in two of 

Figure 5. Comparison of expression patterns on CD56+ circulating tumor plasma cells in untreated and treated multiple myeloma. 
(A-F) Transformed mean fluorescence intensity values of selected markers on CD56+ circulating tumor plasma cells (CTPC) in 
treated and untreated multiple myeloma (MM); newly diagnosed MM (NDMM) N=15, treated MM N=24. Data is presented as box 
and whisker plots with median values indicated. Statistical significance was determined via Welch’s t test (for normally distrib-
uted data) or Mann-Whitney test (for non-parametric data). *P<0.05; **P<0.01; ***P<0.001; ****P≤0.0001.
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nine (22.2%) CTPC-low samples. This observation confirms 
a trend priorly seen for CTPC in AL amyloidosis.22 However, 
comparisons with risk models remain underpowered due 
to cohort size and may not be directly transferable due to 
different gating strategies.
The CD56+ CTPC phenotypes showed maturation-consistent 
changes across disease stages in B-cell and PC markers. 
This was surprisingly accompanied by acquisition of var-
ious T-cell and myeloid-related features not typically as-
sociated with CPC. Notably, NDMM samples could be well 
distinguished from healthy controls, MGUS and SMM by 
several specific expression patterns. First, they showed a 
more terminally differentiated and malignant PC phenotype 
than MGUS and SMM samples. CD38 and CD56 expressions 
were highest, while CD19, CD27, and CD45RA were lower 
expressed. Interestingly, CD20 expression was highest in 
NDMM with t(11;14), consistent with this translocation being 
associated with a more B-cell-like phenotype.23 Second, 
the antigen presentation machinery via HLA-ABC and HLA-
DR appeared to be altered in NDMM. HLA-ABC, reduced in 
MGUS and SMM, reached comparable high levels to healthy 
controls, potentially pointing to an advanced tumor stage 
with activated immune microenvironment as it is seen in 
breast cancer cells expressing HLA-ABC.24 Third, non-ca-
nonical markers expressed on CTPC suggest a potentially 
modified checkpoint and survival-signaling profile in NDMM. 
Specifically, PD-1 and TIGIT were lower, but TIM-3 levels 
were higher on NDMM CD56+ CTPC compared to MGUS 
and SMM samples. Given its inhibitory role known from 

tumor-infiltrating lymphocytes,25 elevated TIM-3 expression 
on CTPC warrants future functional validation to determine 
whether TIM-3 plays a biological role in CTPC persistence 
in PB. Furthermore, several IL receptor subunits (CD25/IL-
2RA, CD123/IL-3RA) were lower on CTPC in MGUS and SMM 
than in healthy controls but higher in NDMM. Among others, 
they activate STAT5, which has been linked to suppression 
of anti-tumor immunity and enhanced tumor cell survival.26 
This pattern would be consistent with increased cytokine 
responsiveness and pro-survival signaling in advanced MM 
disease.27 Compared with BMPC, CD25 and CD123 were 
lower on CD56+ CTPC (both P<0.01), possibly suggesting 
niche-specific survival programs. In line with our findings, 
the BM of MM patients has been shown to be enriched for 
IL-3 and interactions between plasmacytoid dendritic cells 
and BMPC might further support this signalling axis.28,29 As 
our panel identified CTPC without clonality assessment, 
we acknowledge that non-canonical marker patterns may 
also occur on reactive, polyclonal PC that transiently ex-
press CD56.
Notably, CCR6 and CCR7 were significantly elevated on 
CD56+ CTPC in NDMM compared to all other groups, sug-
gesting potential differences in trafficking cues. CCR6 
was even higher expressed on BMPC than on matched 
CD56+ CTPC (P=0.037), in line with reports that malignant 
PC upregulate CCR6 in their TME and promote osteolytic 
bone disease.30 This modified chemokine signature could 
relate to extramedullary disease (EMD), as a correlation 
between CCR7 expression on BMPC and EMD has already 

Figure 6. Comparison of paired bone 
marrow and peripheral blood samples 
in newly diagnosed multiple myeloma. 
(A-D) Transformed mean fluorescence 
intensity values of selected markers on 
abnormal, CD56+ plasma cells in paired 
bone marrow (BM) and peripheral blood 
(PB) samples (N=6). Paired samples are 
connected by a line. Statistical signifi-
cance was determined via paired t test 
(for normally distributed data) or Wil-
coxon test (for non-parametric data). 
*P<0.05; **P<0.01; ***P<0.001. NDMM: 
newly diagnosed multiple myeloma.
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been shown.31 Unfortunately, our cohort contained too 
few patients with EMD at sampling to draw a robust con-
nection. Lastly, the activation marker CD69 was lower in 
NDMM samples, potentially in analogy to its role in tissue 
residency in memory T cells.32 This aligns with higher CD69 
levels on BMPC than on matched CTPC.
In the treated MM cohort, the described NDMM-associated 
phenotypic changes were partially or fully normalized. The 
significant lower CD38 expression post-treatment may re-
flect either disease remission or antigen escape secondary 
to anti-CD38 therapy.33 Moreover, the higher expression of 
CD19 post treatment could represent the accumulation of 
less-differentiated PC subclones after therapy-induced 
pressure.34

Given their therapeutic relevance, we assessed BCMA and 
CD307e expression across disease stages. BCMA on CD56+ 

CTPC did not differ meaningfully between MGUS, SMM, 
and NDMM, with slightly higher levels after treatment. This 
finding was unlikely to be influenced by BCMA-directed 
therapies in our cohort, as only one patient had received 
anti-BCMA chimeric antigen receptor (CAR) T cells. In the 
six paired NDMM samples, BCMA expression was higher 
on BMPC than on CD56+ CTPC (P=0.049). CD307e was 
significantly increased in SMM and NDMM compared to 
MGUS (both P<0.01) and was also higher on BMPC than on 
CD56+ CTPC (P=0.002). The pronounced expression in SMM 
samples may warrant evaluation as a therapeutic target 
specifically in this precursor state, however, validation in 
larger cohorts is essential.
Limitations of this study include the cross-sectional de-
sign and limited per-group sample sizes, particularly for 
matched BM samples. Although PBMC sample numbers 
are decent, statistical power was limited to detect robust 
associations with clinical features, considering also in-
ter-patient variability in marker expression. Moreover, our 
CTPC gating strategy relied on CD56 expression to identify 
aberrant CPC. While this approach captures the predom-
inant malignant phenotype reported for CTPC in MM, it 
likely underestimates the full CTPC compartment and may 
include rare non-clonal plasma cells due to non-assessed 
clonality. Future studies with larger, longitudinal cohorts, 
CTPC gating as defined in the full EuroFlow NGF panel, 
and functional validation will be mandatory to establish 
biological relevance and clinical utility of our findings. In-
corporating cytogenetics could help to identify aggressive 
subclones.35

Despite these limitations, this study provides one of the 
first comprehensive descriptions of CTPC phenotypes 
across disease stages and could establish a framework 
for further investigation. CTPC phenotyping supported by 
orthogonal data, such as recent single-cell transcriptomic 
profiling of CTPC,36 will be essential to determine whether 
phenotypic features add predictive value beyond CTPC 
counts in discriminating progression patterns. Given its 
minimally invasive nature compared with BM sampling 
and the widespread availability of flow cytometry, this 
approach has the potential to deepen our understanding 
of progression patterns and also investigate therapeutic 
target availability in NDMM and treated MM.
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