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Abstract

Primary plasma cell leukemia (pPCL) is a rare but highly aggressive plasma cell malignancy with a
dismal prognosis. We retrospectively analyzed the KMMWP-2204 cohort of 127 patients with newly
diagnosed pPCL from 20 Korean centers to identify prognostic factors and assess treatment outcomes,
and integrated these findings with exploratory single-cell RNA sequencing (scRNA-seq) data from bone
marrow samples obtained from 4 patients with pPCL, 2 with multiple myeloma, and 3 healthy donors.
Our findings support the revised 2021 International Myeloma Working Group 5% circulating plasma
cell (CPC) diagnostic threshold, as patients with 5-19% and >20% CPCs had comparable survival
despite differences in disease burden. Poor performance status (odds ratio [OR], 3.28; P=0.031),
elevated lactate dehydrogenase (OR, 3.45; P=0.019) and del(17p) (OR, 3.58; P=0.025) independently
predicted 6-month early mortality. Achievement of complete remission was the strongest predictor of
improved survival (hazard ratio for overall survival, 0.30; P=0.005), whereas autologous stem cell
transplantation (ASCT) appeared to have a consolidative rather than independent effect in time-
dependent analyses. Although the use of intensive triplet or quadruplet induction regimens and ASCT
increased in the post-2016 era, survival outcomes remained broadly similar across eras, likely reflecting
differences in baseline risk and the retrospective nature of the cohort rather than regimen-specific
efficacy. Exploratory scRNA-seq analysis identified transcriptional features suggestive of altered
immune differentiation and myeloid-associated immunoregulatory signaling in pPCL, providing
preliminary biological context for the observed clinical aggressiveness. These findings should be
interpreted as hypothesis-generating and require validation in larger cohorts with orthogonal functional

studies.
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Introduction

Primary plasma cell leukemia (pPCL) is a rare and aggressive plasma cell dyscrasia characterized by
the presence of circulating plasma cells (CPCs) in peripheral blood" 2. Historically, pPCL was defined
by >20% CPCs in peripheral blood or an absolute count of >2x10°L. However, subsequent studies
showed that patients with 5%-19% CPCs had outcomes comparable to those with the conventional
threshold, prompting the International Myeloma Working Group (IMWG) to revise the diagnostic
criteria in 2021 to include patients with >5% CPCs identified by conventional morphology>~. This
expanded definition more appropriately captures the aggressive clinical phenotype associated with
circulating disease. Although pPCL accounts for only 2%—4% of plasma cell neoplasms, it represents
the most aggressive end of the plasma cell disorder spectrum and is characterized by high tumor burden,

frequent extramedullary involvement, marked genomic instability, and poor survival®”.

Historically, outcomes in pPCL have been dismal, with median overall survival (OS) of less than 12
months in the pre-novel agent era'® !!. The incorporation of proteasome inhibitors, immunomodulatory
drugs, and more recently anti-CD38 monoclonal antibodies has improved response rates and survival
in multiple myeloma (MM) '*!'* and these advances have also influenced contemporary treatment
approaches for pPCL!*"'7. Nevertheless, the optimal frontline treatment strategy for pPCL remains
uncertain because the available evidence is derived primarily from small retrospective series, registry-
based analyses, or subgroup data from broader plasma cell neoplasm cohorts. In particular, although
autologous stem cell transplantation (ASCT) is frequently associated with superior outcomes, its
independent contribution remains difficult to determine in retrospective studies because of substantial
selection and immortal-time biases' 8. Likewise, while daratumumab-based quadruplet regimens are
increasingly used in contemporary practice, real-world data remain insufficient to define their regimen-

specific impact in pPCL.

Despite these therapeutic advances, several critical questions remain unanswered. First, while novel
agents have improved initial response rates, many patients fail to achieve deep responses or experience
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early loss of response, with progression occurring within months despite ongoing therapy!'® %, The
factors associated with response depth, response durability, and the survival impact of ASCT remain
incompletely characterized in real-world pPCL. Second, early mortality continues to affect a substantial
proportion of patients; the clinical predictors and potential preventability of early mortality warrant
further investigation®!: 22, Third, the biological basis of treatment heterogeneity—why some patients
achieve durable remissions while others progress rapidly—remains incompletely understood. We
hypothesized that the persistently dismal prognosis of pPCL, even in the era of novel agents, may reflect
not only plasma cell-intrinsic genetic abnormalities but also differences in the immune

microenvironment.

To address these questions, we conducted a multicenter retrospective study of 127 patients with newly
diagnosed pPCL treated across 20 Korean centers. The objectives of this study were threefold: first, to
define the clinical characteristics and treatment outcomes of pPCL under the revised IMWG criteria,
with particular attention to response depth and the survival impact of ASCT using landmark and time-
dependent analyses; second, to identify baseline predictors of early mortality and OS in a real-world
setting; and third, to perform exploratory single-cell RNA sequencing (scRNA-seq) in a limited subset
of samples to investigate transcriptional features of the immune microenvironment that might provide
preliminary biological context for the observed clinical heterogeneity. Through this integrated clinical
and exploratory translational approach, we sought to provide a more comprehensive assessment of

prognostic determinants and disease biology in pPCL.
Materials and methods
Patients and study design

This Korean Multiple Myeloma Working Party (KMMWP)-2204 multicenter retrospective study
included consecutive patients diagnosed with pPCL between May 2005 and June 2022 across 20
institutions in Korea. Based on the revised IMWG 2021 criteria, pPCL was indicated by >5% CPCs on

peripheral blood smears at diagnosis. Eligible patients were aged >18 years, received at least one cycle
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of systemic therapy, and had available baseline data. Patients with secondary PCL were excluded.

For temporal comparisons, patients were categorized into pre-2016 and post-2016 eras. These era-based
analyses were intended to describe cohort-level changes in treatment patterns and outcomes rather than

regimen-specific efficacy.

This study was approved by the Institutional Review Board of Chonnam National University Hwasun
Hospital (approval number CNUHH-2022-244), and it was conducted in compliance with the
Declaration of Helsinki guidelines and applicable local regulations. Written informed consent was
obtained from all participants before sample collection. Patient inclusion and study flow are illustrated

in Supplementary Figure S1.

Definition and response assessment

Induction regimens were classified as: (i) daratumumab-based quadruplets ([DBQ]: daratumumab plus
bortezomib, lenalidomide or cyclophosphamide, and dexamethasone), (ii) bortezomib—thalidomide—
dexamethasone (VTD) or bortezomib—lenalidomide—dexamethasone (VRD), (iii) other bortezomib-
based doublet or triplet combination (bortezomib standard combinations), or (iv) immunomodulatory
drug-based regimens without bortezomib or with non-standard backbones (IMiD standard
combinations). Treatment selection, transplant eligibility, and transplant strategy were determined by
treating physicians according to institutional practice; therefore, comparisons across treatment groups

were observational.

Responses were assessed based on the 2016 IMWG criteria®. Overall response rate was defined as
achievement of at least partial response. High-risk cytogenetics was defined as del(17p), t(4;14),
t(14;16), or amplg21. Cytogenetic data were available for 112 of 127 patients (88.2%), and cytogenetic
analyses were restricted to evaluable patients. Extramedullary disease (EMD) was defined as the

presence of a plasma-cell tumor outside the bone marrow.
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Exploratory scRNA-seq and immune profiling

To provide biological context for the clinical findings, exploratory scRNA-seq was performed on
pretreatment bone marrow aspirates from four patients with newly diagnosed pPCL, two with newly
diagnosed MM, and three healthy donors. These analyses were descriptive and hypothesis-generating.

Detailed experimental and bioinformatic methods are provided in the Supplementary Methods.

Statistical analysis

OS was defined from diagnosis to death from any cause or last follow-up, and progression-free survival
(PFS) from diagnosis to disease progression, death, or last contact. Early mortality was defined as death
within 6 months of diagnosis. Survival was estimated by the Kaplan—Meier method and compared using
log-rank tests. Variables with P<0.05 in univariable analyses were entered into multivariable models.

In time-dependent Cox models, ASCT was retained as the time-varying exposure of interest.

Baseline predictors of early mortality were evaluated using logistic regression. Given the limited
number of early mortality events, model parsimony was prioritized, and the final multivariable logistic
model included four variables. Multivariable analyses used a complete-case approach and should be
interpreted as exploratory. Missing data for key variables are summarized in Supplementary Table S1.
Analyses were performed using available-case or complete-case data, depending on model structure,
without imputation. All tests were two-sided, with P<0.05 considered significant. Analyses used SPSS

version 27.0 and EZR version 1.54.

Results

Clinical characteristics and the impact of revised IMWG criteria

A total of 127 patients with newly diagnosed pPCL who met the revised IMWG criteria were included



in the analysis. The median age at diagnosis was 63 years (interquartile range [IQR], 54-69), and 36
patients (28.3%) had poor performance status, defined as an Eastern Cooperative Oncology Group

performance status (ECOG PS) of >2.

According to the Revised International Staging System (R-ISS), 48 of 108 evaluable patients (44.4%)
had stage III disease, and high-risk cytogenetic abnormalities were identified in 67 of 112 evaluable

patients (59.8%) (Table 1).

Based on CPCs burden at diagnosis, 57 patients (44.9 %) had 5%—19 % CPCs, whereas 70 (55.1 %)
had >20%. Compared with the 5%—19% CPC group, patients with >20 % CPCs exhibited a more
aggressive clinical phenotype, including poorer PS, more frequent EMD, and a higher proportion of R-
ISS stage 111 disease. Laboratory findings also reflected higher disease burden in the >20 % CPCs group,
characterized by a higher proportion of patients with elevated lactate dehydrogenase (LDH) levels and

significantly higher median WBC counts.

Despite these differences in clinical presentation, the distribution of major cytogenetic abnormalities,
including del(17p), t(4;14), t(14;16), t(11;14), and amp1q, did not differ significantly between the two
CPC groups (P = 0.847). Furthermore, frontline treatment allocation (P = 0.601) and the proportion of
patients undergoing ASCT (P = 0.968) were comparable between groups. Detailed comparisons are

summarized in Table 1.

Consistent with these findings, neither PFS nor OS differed significantly between patients with CPC

levels of 5%—19% and those with levels of >20% (Supplementary Figure S2A-B).

Evolution of treatment patterns and outcomes by Era (Pre- vs. Post-2016)

The cohort was divided into two treatment eras according to the year of diagnosis: the pre-2016 era
(2005-2015, n = 59) and the post-2016 era (2016-2022, n = 68). Frontline treatment patterns changed

substantially over time. In the post-2016 era, intensive triplet or quadruplet induction regimens,
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including VTD/VRD and DBQ, were used more frequently, reflecting a significant overall shift in
frontline regimen distribution between eras (P<0.001; Figure 1A). The proportion of patients
undergoing ASCT also increased from 28.8% in the pre-2016 era to 50.0% in the post-2016 era

(Supplementary Table S2).

Across induction regimens, deeper responses were observed more frequently with intensive triplet or
quadruplet therapy. The rate of very good partial response (VGPR) or better was highest in the DBQ
group (71.5%), followed by VTD/VRD (53.4%) and ISC (27.8%). The complete response (CR) rate
was also highest in the DBQ-treated group, reaching 28.6% (Figure 1B). However, the number of

patients treated with DBQ was limited.

The clinical relevance of response depth was reflected in survival outcomes. Among 116 evaluable
patients, achieving CR after induction therapy was associated with a marked survival advantage. The
median OS was 77.0 months for patients achieving CR, compared to 40.7 months for those with VGPR
and 14.6 months for those with less than VGPR (P <0.001). Similarly, the median PFS was significantly
prolonged in the CR group (29.3 months) compared to the VGPR (18.8 months) and less than VGPR

groups (6.2 months, P < 0.001, Figure 2A, B).

However, when outcomes were compared at the cohort level, OS and PFS remained broadly similar
between the pre-2016 and post-2016 eras (P = 0.670 and P = 0.368, respectively; Figure 2C, D).
Baseline characteristics differed between eras. The post-2016 cohort had a higher prevalence of high-
risk cytogenetic abnormalities (P = 0.011) and a shorter median follow-up than the pre-2016 cohort
(37.5 vs. 78.4 months; Supplementary Table S2). In multivariable Cox regression analyses adjusting for
baseline clinical and biological factors, treatment era was not independently associated with OS or PFS
(Supplementary Table S3). These findings were consistent in sensitivity analyses (Supplementary Table

S3).



Predictors of 6-month early mortality

Early mortality occurred in 25 of 127 patients (19.7%). Clinical characteristics according to early
mortality status are summarized in Supplementary Table S4. Compared with survivors, patients who
died within 6 months were older (median 68 vs. 62 years; P=0.007) and were more likely to have poor
performance status (ECOG PS >2; 54.2% vs. 22.5%; P = 0.005), elevated LDH levels (80.0% vs. 41.8%;
P <0.001), and EMD (44.0% vs. 18.4%; P = 0.015) at diagnosis. They were also substantially less

likely to achieve a response of VGPR or better after frontline therapy.

The main causes of early death were disease progression and infectious complications, each accounting
for 36.0% of cases; the remaining cases were classified as undetermined or other causes (Supplementary

Table S4).

To identify baseline predictors of early mortality, we performed logistic regression analyses
(Supplementary Table S5). In univariable analyses, older age, poor performance status, elevated LDH,
and del(17p) were associated with an increased risk of early mortality. In the multivariable model, poor
performance status (ECOG PS >2; odds ratio [OR], 3.28; P=0.031), elevated LDH (OR, 3.45; P=0.019),
and del(17p) (OR, 3.58; P=0.025) remained independently associated with 6-month early mortality,

whereas age did not (Supplementary Table S5 and Figure 3).

Survival outcomes and independent prognostic factors

The median follow-up duration was 42.3 months (IQR: 24.9-73.6). Median OS and PFS were 27.0
months (IQR, 10.4-—not available) and 13.6 months (IQR, 4.1-25.9), respectively. R-ISS stage III,
presence of EMD, or elevated LDH levels were associated with inferior OS and PFS (Supplementary
Figure S2 C—H). Patients with del(17p) and hypodiploidy exhibited significantly inferior OS and PFS
(Supplementary Figure S3A-D), whereas other high-risk cytogenetic abnormalities, including t(4;14),
t(14;16), and amp(1q), did not demonstrate significant differences in survival outcomes within this
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cohort (Supplementary Figure S3 E-H).

In the multivariate Cox model for OS, elevated LDH (HR 2.37; P =0.008) and del(17p) (HR 2.43; P=
0.028) were independently associated with inferior OS, while achieving CR (HR 0.30; P = 0.005) and
undergoing ASCT (HR 0.31; P = 0.008) were associated with improved OS. For PFS, EMD (HR 2.00;
P = 0.033) and elevated LDH (HR 2.70; P < 0.001) were independent adverse factors, whereas
achieving CR (HR 0.36; P < 0.001) was independently associated with improved PFS. ASCT was not

independently associated with PFS in the multivariable model (HR, 0.66; P=0.154) (Table 2).

We further evaluated the impact of ASCT using a time-dependent Cox regression model in which
transplantation was treated as a time-varying covariate (Table 3). In this analysis, the association
between ASCT and improved survival was attenuated and did not reach statistical significance for either
OS or PFS. In contrast, achievement of CR remained independently associated with improved OS (HR,
0.42; P=0.016) and PFS (HR, 0.40; P = 0.001). Elevated LDH also remained independently associated

with inferior OS (HR, 2.43; P = 0.002) and PFS (HR, 2.65; P <0.001) in the time-dependent models.

Clinical impact of ASCT consolidation in patients with an inadequate response to frontline

therapy

Among 52 patients with an inadequate response to frontline therapy (<VGPR), those who proceeded to
ASCT after salvage therapy (n=15) showed superior OS and PFS compared with those receiving
second-line treatment alone (n=17) or supportive care (n=20). Median OS was 31.1 months in the ASCT
group, compared with 9.1 and 7.6 months in the second-line therapy and supportive care groups,
respectively (P=0.030). Similarly, median PFS was longer in the ASCT group (10.1 months) than in the
second-line therapy (3.9 months) and supportive care groups (4.8 months; P=0.033; Supplementary

Figure S4).

To further account for potential immortal-time bias, a 6-month landmark analysis was performed in
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patients who were alive at 6 months after diagnosis. In this analysis, ASCT consolidation was associated
with a significant OS benefit (median OS, not reached vs. 11.2 months, P <0.001; Figure 2E), whereas
the difference in PFS did not reach statistical significance (median PFS: 17.5 vs. 7.1 months, P =0.140;

Figure 2F).

Exploratory single-cell immune profiling and transcriptional immune remodeling in pPCL

To provide preliminary biological context for the observed clinical heterogeneity, we performed
exploratory scRNA-seq of diagnostic bone marrow mononuclear cells from 4 patients with pPCL,
together with samples from 2 patients with MM and 3 healthy donors. Given the limited sample size

and lack of functional validation, these analyses should be interpreted as hypothesis-generating.

Unsupervised clustering identified major immune cell populations, including T cells, natural killer cells,
and myeloid cells across all samples. Within the myeloid lineage, distinct populations of classical and
non-classical monocytes, M1/M2 macrophages, and neutrophils were identified (Figure 4A). Across
disease states, shifts in myeloid composition were observed, including a relative increase in macrophage
subsets and reduced representation of neutrophils in pPCL and MM compared with healthy donors,
consistent with transcriptional remodeling of the myeloid compartment across the disease spectrum

(Figure 4B).

Functional scoring across T-cell subsets showed lower naive maintenance and cytotoxicity scores in
both pPCL and MM than in healthy donor controls, including within activated CD4+ and CD8+ T-cell
compartments (Supplementary Figure S5A,B). Negative associations were observed between myeloid
pathway activity and naive maintenance scores across activated and memory T-cell subsets
(Supplementary Figure S6A—D). Pairwise correlation analyses further revealed that higher myeloid
pathway activity was associated with lower cytotoxicity in activated CD4+ and CD8+ T cells

(Supplementary Figure S7A). Cell—cell interaction analysis using CellChat identified enhanced
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receptor—ligand interactions between myeloid and lymphoid compartments in pPCL (Supplementary
Figure S7B). Pseudotime analysis showed dynamic changes in the expression of cytotoxicity-associated
genes, including GZMA and NKG7, together with increasing TOX expression along later disease-

associated states (Supplementary Figure S7C).

Discussion

This multicenter study provides an integrated clinical assessment of pPCL in the era of revised
diagnostic criteria and contemporary treatment approaches. Our findings highlight several key features
of pPCL, including the limited prognostic value of CPC burden beyond the revised diagnostic threshold,
the persistent impact of early mortality and incomplete response, and the importance of interpreting
treatment intensification strategies such as ASCT in the context of response depth and time-dependent

bias.

The revised IMWG definition lowered the diagnostic threshold for pPCL from 20% to 5% CPCs *3, but
the clinical meaning of CPC burden above this threshold remains an important question. In our cohort,
the absence of a survival difference between patients with 5%—19% CPCs and those with >20% CPCs
suggests that CPC proportion alone may have limited prognostic value once overt circulating disease is
present. One possible explanation is that higher CPC burden may reflect the extent of circulating disease
rather than intrinsic disease biology alone. In this context, outcome may be driven more strongly by
adverse disease biology and treatment responsiveness than by the absolute CPC percentage itself. The
comparable distribution of major cytogenetic abnormalities, frontline treatment allocation, and ASCT
exposure between CPC subgroups further supports this interpretation, although the modest sample size
of this comparison should also be acknowledged. Overall, these findings support the clinical
applicability of the revised 5% threshold while suggesting that additional biological and response-based

factors are needed for meaningful risk stratification within pPCL.

Despite increased use of intensive triplet or quadruplet induction regimens and more frequent ASCT in

the post-2016 era, we did not observe a clear survival improvement at the cohort level. This finding
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should be interpreted cautiously and should not be taken as evidence against the efficacy of
contemporary regimens, including daratumumab-based induction. Rather, several factors likely
contributed to this apparent discrepancy, including the retrospective nature of the study, the limited
number of patients exposed to DBQ, and baseline differences between eras, particularly the higher
prevalence of high-risk cytogenetic abnormalities in the post-2016 cohort. In addition, the shorter
follow-up duration in the contemporary cohort may have limited our ability to detect survival
differences. This interpretation should also be considered in the context of the recent European
Myeloma Network (EMN) report?*, in which outcomes improved substantially in a contemporary pPCL
cohort defined by the revised IMWG criteria, particularly among patients without high-risk cytogenetic
abnormalities and in association with deep responses achieved using triplet or quadruplet regimens,
including daratumumab-containing approaches. Accordingly, our findings are not necessarily
discordant with the EMN experience; rather, they suggest that the observable benefit of contemporary
therapy may be strongly influenced by baseline cytogenetic risk, treatment exposure, and cohort
composition. Taken together, these findings suggest that era-based comparisons in pPCL are more
informative as descriptions of evolving treatment patterns and persistent unmet need than as regimen-

specific estimates of therapeutic benefit.

Early mortality remains a defining clinical feature of pPCL and represents a major barrier to improving
overall outcomes. The identification of baseline factors associated with early death suggests that a
subset of patients can be recognized at diagnosis as being at particularly high risk for an adverse early
clinical course®* 2> 2326, Notably, markers reflecting both disease burden and host vulnerability appear
to contribute to this risk, underscoring the multifactorial nature of early mortality in pPCL. These
observations have important clinical implications. Patients at high risk of early death may benefit from
closer monitoring, early optimization of supportive care, and proactive strategies to mitigate treatment-
related complications, particularly infectious events. At the same time, the persistence of early mortality
despite contemporary therapeutic approaches highlights an unmet need that is unlikely to be addressed

solely through more intensive treatment approaches. Improving early outcomes in pPCL will likely
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require integrated strategies that combine effective disease control with optimized supportive care and

risk-adapted management.

Depth of response appears to be a central determinant of outcome in pPCL. In particular, the consistent
association between CR and improved survival suggests that early and effective disease control remains
one of the most important therapeutic goals in this disease. Conversely, elevated LDH remained one of
the most consistent adverse prognostic markers across survival analyses, underscoring the dominant
influence of baseline disease biology on clinical outcome. This finding is clinically relevant because
pPCL is characterized not only by aggressive baseline biology but also by the limited durability of
disease control once an adequate response is not achieved. In this regard, the consistency of CR across
both conventional and time-dependent analyses suggests that response depth may be more informative

for outcome than treatment category alone.

The role of ASCT, however, requires more nuanced interpretation. Although conventional survival
analyses suggested a favorable association between ASCT and outcome, this effect was attenuated in
time-dependent models, indicating that part of the observed benefit may reflect treatment selection and
time-dependent bias. At the same time, our subgroup analyses suggest that ASCT may still retain
clinical value as a consolidative strategy in patients who achieve at least partial disease control and are
able to proceed to transplantation. Taken together, these findings support the view that ASCT is best
understood as a response-dependent consolidation approach rather than as an intervention that can

independently overcome biologically refractory disease.

The exploratory single-cell RNA sequencing analysis was intended to provide preliminary biological
context for the marked clinical heterogeneity observed in pPCL. Within this limited dataset, we
observed transcriptional patterns consistent with remodeling of the immune microenvironment,
including altered T-cell differentiation states and changes in myeloid-associated signaling®’- 2. These
observations provide preliminary transcriptional context for the heterogeneous clinical behavior of
pPCL. However, these findings should be interpreted with caution. The small sample size, absence of
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functional or protein-level validation, and cross-sectional design preclude any conclusions regarding
causality, immune dysfunction, or therapeutic implications. Accordingly, these data should be regarded
as descriptive and hypothesis-generating, and their primary value lies in informing future studies

designed to more rigorously characterize the immune microenvironment in pPCL.

Several limitations should be considered when interpreting our findings. First, the retrospective
multicenter design inevitably introduces heterogeneity in treatment approaches and follow-up, and
residual confounding cannot be excluded. Second, although this represents a relatively large real-world
cohort for a rare disease, several subgroup and multivariable analyses were constrained by sample size
and event numbers. In particular, the analysis of early mortality should be interpreted cautiously given
the limited number of events. Third, cytogenetic data were not available for all patients, and analyses
involving cytogenetic variables were therefore performed using available-case data, which may
introduce bias. Fourth, the era-based comparison was not designed to assess the efficacy of specific
treatment regimens and should be interpreted as descriptive rather than causal. Finally, the exploratory
single-cell RNA sequencing analysis was based on a very small number of samples and lacked
functional, protein-level, and longitudinal validation, limiting the interpretability and generalizability

of these findings.

In conclusion, this multicenter study highlights the persistent clinical challenges of pPCL in the era of
contemporary therapy. Outcomes remain poor, driven by early mortality and the difficulty of achieving
durable deep responses. Achievement of CR emerged as the most consistent favorable prognostic factor,
whereas elevated LDH remained a dominant adverse marker across survival analyses. These findings
help refine clinical interpretation in pPCL by distinguishing prognostic determinants from associations
that may be influenced by treatment selection and timing. While treatment intensification and ASCT
remain clinically relevant, the impact of ASCT appears to be context-dependent and closely linked to

response depth rather than representing an independent therapeutic effect. The revised IMWG
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diagnostic threshold of 5% CPCs appears clinically applicable, although CPC burden alone does not

adequately stratify prognosis.

Exploratory immune profiling suggests transcriptional remodeling of the immune microenvironment in
pPCL, providing preliminary biological context for disease heterogeneity. However, these findings
require rigorous validation before they can inform mechanistic or therapeutic conclusions. Future
progress in pPCL will likely depend on integrating risk-adapted clinical strategies with biologically

informed approaches in prospective studies.
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Table 1. Baseline clinical characteristics of the study cohort and according to circulating plasma cell

(CPC) groups (n=127)

Variables Total (n=127) 5%—19% (n=57) >20% CPCs (n=70)  P-value

Median age, years (IQR) 63 (54-69) 63 (54-71) 63 (56-69) 0.900

Male, n (%) 60 (47.2) 27 (47.4) 33 (47.1) 0.980

Immunoglobulin (Ig) type, n (%) 0.643

IgG 58(45.7%) 29 (51.8) 29 (41.4)
IgA 24(18.9%) 10 (17.9) 14 (20.0)
IgM 2(1.6%) 0 2(2.9)
IgD 26(20.5%) 11 (19.6) 15(21.4)
IgE 1(0.8%) 0 1(1.4)
Light chain only 15(11.8%) 6(10.7) 9(12.9)

ECOG PS >2, n (%) 36/126 (28.6) 11/57 (19.3) 25/69 (36.2) 0.036

Extramedullary plasmacytoma, n (%) 29/123 (23.6) 9/56 (16.1) 20/67 (29.9) 0.089

Organomegaly, n (%) 42 (33.1) 17 (30.3) 25 (36.8) 0.453

WBC, x10°L, median (IQR) 8.3 (5.6-15.3) 6.5 (4.6-8.3) 11.7 (7.7-21.9) <0.001

Platelets, x10%L, median (IQR) 104.0 (65.0-141.5)  98.0 (67.0-153.0) 105.5 (64.2-138.2) 0.545

Calcium, mg/dL, median (IQR) 9.4 (8.4-10.2) 9.3 (8.3-10.2) 9.4 (8.7-10.2) 0.303

Creatinine, mg/dL, median (IQR) 1.2 (0.9-1.92) 1.1 (0.9-2.0) 1.2 (0.9-1.8) 0.554

LDH > (1xULN), n (%) 61 (48.0) 19 (35.2) 42 (60.9) 0.005

R-ISS, n (%) 0.019

I 3/108 (2.8) 2/50 (4.0) 1/58 (1.7)
II 57/108 (52.8) 33/50 (66.0) 24/58 (41.4)
I 48/108 (44.4) 15/50 (30.0) 33/58 (56.9)

High risk cytogenetics, n (%) 67/112 (59.8) 26/50 (52.0) 41/62 (66.1) 0.174
del(17p) 26/112 (23.2) 10/50 (20.0) 16/62 (25.8) 0.507
t(4;14) 14/112 (12.5) 6/50 (12.0) 8/62 (12.9) 1
t(14;16) 4/112 (3.6) 2/50 (4.0) 2/62 (3.2) 1
t(11;14) 32/112 (28.6) 10/50 (20.0) 22/62 (35.5) 0.312
amplq 32/112 (28.6) 13/50 (26.0) 19/62 (30.6) 0.093

Frontline treatment 0.601
ISC 18 (14.1) 7(12.3) 11 (15.7)

BSC 57 (44.8) 23 (40.4) 34 (48.6)
VTD/VRD 45 (35.4) 23 (40.4) 22 (31.4)
DBQ 7 (5.5) 4(7.0) 3(43)

Abbreviations: n: number, IQR: interquartile range, ECOG: Eastern Cooperative Oncology Group, PS: performance status,
WBC: white blood cell, LDH: lactate dehydrogenase, ULN: upper limit of normal value, R-ISS: Revised International Staging
System, ISC: immunomodulatory drugs standard combinations, BSC: bortezomib standard combinations, VTD: bortezomib,
thalidomide, and dexamethasone, VRD: bortezomib, lenalidomide, and dexamethasone, DBQ: daratumumab-based
quadruplets

21



Table 2. Univariate and multivariate analyses of predictors of overall survival and progression free survival in patients with pPCL (n= 127).

Variables OS Univariate OS Multivariate PFS Univariate PFS Multivariate
HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value  HR (95% CI) P-
value
Age (per year) 1.03 (1.01-1.06) 0.004 0.98 (0.95-1.02) 0.371 1.02 (1.00-1.04) 0.080 - -
Female 0.78 (0.49-1.25) 0304 - - 0.78 (0.53-1.15)  0.213 - -
ECOG PS >2 1.86 (1.14-3.03)  0.013  1.42(0.68-2.97) 0355  1.40(0.91-2.15)  0.123 - -
Organomegaly 1.17 (0.71-1.92) 0.537 - - 1.14 (0.75-1.74) 0.545 - -
Extramedullary plasmacytoma 2.12(1.25-3.60)  0.005  1.90 (0.89-4.03)  0.097  2.16(1.17-4.00)  0.014 2.00 (1.06-3.77)  0.033
Leukocytosis (>11x10%/L) 1.28(0.79-2.07) 0315 - - 1.41 (0.93-2.15)  0.106 - -
Hemoglobin <8.0 g/dL 1.00 (0.62-1.61) 0.999 - - 0.93 (0.62-1.40) 0.738 - -
Platelets <130x10°/L 2.07 (1.17-3.66) 0.013 1.80 (0.77-4.19) 0.174 1.73 (1.10-2.71) 0.018 1.52 (0.84-2.77) 0.163
LDH > (I1XULN) 3.56(2.14-5.92)  <0.001 2.37(1.25-4.51)  0.008  2.82(1.84-434)  <0.001  2.70 (1.60-4.58)  <0.001
Serum creatinine >2.0 mg/dL 1.23 (0.71-2.12) 0.455 - - 1.09 (0.68-1.73) 0.732 - -
Serum calcium >11.0 mg/dl 1.74 (0.95-3.20) 0.073 - - 1.63 (0.95-2.80) 0.077 - -
Serum albumin <3.5 g/dL 1.27 (0.80-2.03) 0.312 - - 1.36 (0.89-2.08) 0.152 - -
Serum B2-microglobulin >5.5 mg/L 2.49 (1.42-4.37) 0.001 1.48 (0.58-3.77) 0.416 1.54 (1.01-2.36) 0.047 0.99 (0.53-1.84) 0.973
Hyperdiploidy 1.56 (0.84-2.88)  0.158 - - 1.10 (0.63-1.93)  0.735 ; ;
Hypodiploidy 2.02 (1.22-3.36) 0.007 1.25 (0.59-2.66) 0.560 1.93 (1.24-3.01) 0.004 1.23 (0.67-2.24) 0.510
del(17p) 2.60 (1.53-4.44) <0.001 2.43(1.10-5.36) 0.028 1.73 (1.07-2.79) 0.025 1.21(0.63-2.34) 0.565
t(4;14) 1.23(0.61-2.51)  0.558 - - 1.20 (0.65-2.22)  0.559 - .

t(14;16) 0.69 (0.17-2.83) 0.606 - -
t(11;14) 0.80 (0.45-1.39) 0.430 - -
amplq 1.39 (0.81-2.36) 0.230 - -
Era (post-2016) 0.90 (0.57-1.44) 0.671 - -
Induction regimen (DBQ vs non-DBQ)  0.84 (0.21-3.48) 0.815 - - -
Response to frontline therapy (CR) 0.30 (0.14-0.67) 0.003 0.30 (0.13-0.70) 0.005 0.33 (0.18-0.58) <0.001 0.36 (0.20-0.64) <0.001
ASCT 0.24 (0.14-0.43) <0.001  0.31(0.13-0.74) 0.008 0.49 (0.33-0.74) <0.001 0.66 (0.38-1.17) 0.154
Abbreviations: OS: overall survival; PFS: progression-free survival, ECOG: Eastern Cooperative Oncology Group, PS: performance status, LDH: lactate dehydrogenase,

ULN: upper limit of normal value, DBQ: daratumumab-based quadruplets, CR: complete response, ASCT: autologous stem cell transplantation. *High risk cytogenetics:
del(17p), t(4;14), t(14;16), and amp1qg21.

0.81 (0.30-2.23) 0.684 - -
1.22 (0.78-1.90) 0.390 - -
1.39 (0.88-2.19) 0.162 - -
1.20 (0.80-1.80) 0.369 - -
1.15 (0.36-3.67) 0.932
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Table 3. Univariate and multivariate time-dependent Cox regression analysis for overall survival and progression-free survival

Variables OS Univariate OS Multivariate PFS Univariate PFS Multivariate
HR (95% CI) P- HR (95% CI) P- HR (95% CI) P- HR (95% CI) P-value

value value value
Age (per year) 1.03 (1.01-1.06) 0.004 1.01 (0.98-1.04) 0.567 1.02 (1.00-1.03) 0.097
ECOGPS=>2 1.84 (1.13-2.98) 0.014 1.64 (0.83-3.25) 0.153 1.38 (0.90-2.11) 0.142
Extramedullary plasmacytoma 2.44 (1.27-4.68) 0.007 1.56 (0.62-3.93) 0.348  2.12(1.15-3.91) 0.017  2.03 (0.88-4.67) 0.096
Platelets <130x10°/L 2.02 (1.16-3.53) 0.014 1.92 (0.99-3.73) 0.055 1.73 (1.11-2.70)  0.015 1.37 (0.82-2.29) 0.233
LDH > (1xULN) 3.44 (2.09-5.66) <0.001 2.43(1.37-4.32) 0.002 2.82(1.85-4.31) <0.001 2.65(1.61-4.35) <0.001
Hypodiploidy 1.99 (1.20-3.28) 0.007 1.54 (0.82-2.87) 0.176 1.87 (1.21-2.90)  0.005 1.32 (0.78-2.25) 0.301
del(17p) 2.55(1.50-4.33) 0.001 2.37 (1.16-4.83) 0.017 1.69 (1.05-2.71) 0.031 1.22 (0.66-2.27) 0.527
Response to frontline therapy
(CR) 0.32 (0.15-0.68) 0.003 0.42 (0.20-0.85) 0.016  0.36(0.21-0.63) <0.001 0.40 (0.23-0.70) 0.001
ASCT (Time-dependent) 0.43 (0.24-0.78) 0.005 0.74 (0.36-1.52) 0.411 0.78 (0.48-1.26)  0.307 1.02 (0.58-1.79) 0.957

Variables included in the multivariate time-dependent Cox model were selected from variables with P < 0.05 in the initial univariate analyses for OS and
PFS (as presented in Table 2).

ASCT was retained in both models as the time-varying exposure of interest. For patients who underwent transplantation, ASCT exposure status changed
from 0 to 1 at the time of transplantation. Variables that could not be estimated in complete-case multivariable models because of missing data were excluded.

Abbreviations: OS: overall survival; PFS: progression-free survival, HR, hazard ratio; CI, confidence interval; ECOG: Eastern Cooperative Oncology Group,
PS: performance status, LDH: lactate dehydrogenase, ULN: upper limit of normal value, CR: complete response, ASCT: autologous stem cell transplantation.
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Figure legends

Figure 1. Evolution of treatment patterns and depth of response in pPCL. (A) Distribution of frontline
treatment regimens according to treatment era (pre-2016 vs. post-2016). (B) Best response to frontline
therapy according to treatment regimen. Response categories include complete response (CR), very

good partial response (VGPR), and less than VGPR.

Abbreviations: CR: complete response, VGPR: very good partial response, NA: not available, DBQ:
daratumumab-based quadruplets, VTD: bortezomib, thalidomide, and dexamethasone, VRD:
bortezomib, lenalidomide, and dexamethasone, BSC: bortezomib standard combinations, ISC:

immunomodulatory drugs standard combinations.

Figure 2. Survival outcomes according to response depth, treatment era, and autologous stem cell
transplantation in pPCL. Kaplan—Meier curves for overall survival (OS) and progression-free survival
(PFS) according to (A, B) response to frontline therapy, (C, D) treatment era (pre-2016 vs. post-2016),
and (E, F) autologous stem cell transplantation (ASCT) status in the 6-month landmark analysis.

Statistical differences were determined using the log-rank test.

Abbreviations: CR, complete response; VGPR, very good partial response; ASCT, autologous stem cell

transplantation.

Figure 3. Multivariable predictors of 6-month early mortality in pPCL. Forest plot showing odds ratios
(ORs) and 95% confidence intervals (Cls) for variables included in the multivariable logistic regression
model for 6-month early mortality. Variables were selected with consideration of model parsimony

given the limited number of events.

Abbreviations: OR, odds ratio; CI, confidence interval; ECOG PS, Eastern Cooperative Oncology

Group performance status; LDH, lactate dehydrogenase; ULN, upper limit of normal.
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Figure 4. Exploratory single-cell immune landscape in pPCL. (A) Uniform manifold approximation
and projection (UMAP) visualization of major myeloid cell populations identified by single-cell RNA
sequencing across all samples. (B) Relative distribution of immune cell subsets across pPCL, multiple

myeloma (MM), and healthy donor (HD) samples.

Abbreviations: UMAP, uniform manifold approximation and projection; pPCL, primary plasma cell

leukemia; MM, multiple myeloma; HD, healthy donor.
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Supplementary Method

Based on trypan blue exclusion, cell viability exceeded 85%. Single-cell suspensions were processed
using the 10x Genomics Chromium Controller (Single Cell 3’ v3.1 chemistry). Complementary DNA
libraries were generated and sequenced on an Illumina NovaSeq 6000 system at a depth of
approximately 50,000 reads per cell. Sequencing reads were demultiplexed and aligned to the GRCh38
human genome reference using Cell Ranger (v6.0). Downstream analysis was performed using the

Seurat package (v4.0) on R (v4.3).

Cells in which <200 genes, >6,000 genes, or a mitochondrial gene content of >15% were detected were
excluded. Doublets were identified and removed using DoubletFinder. To mitigate potential batch
effects across samples from different patients and disease groups, data integration and normalization
were performed using the Harmony R package. Following integration, gene counts were normalized
with SCTransform, followed by principal component analysis and Louvain clustering. Uniform

manifold approximation and projection (UMAP) was used for dimensional reduction and visualization.

Cell clusters were annotated using canonical lineage markers for plasma, myeloid, T, NK, and stromal
cells. Differential expression analysis between groups was performed using the FindMarkers function
with the Wilcoxon rank-sum test, considering genes with an adjusted P-value < 0.05 as significant. T
cell functional capacity was assessed using gene signature scores. The “naive maintenance score” was
calculated as the mean expression of TCF7, CCR7, and IL7R. The “cytotoxicity score” was calculated
as the mean expression of effector molecules (GZMA, GZMB, PRFI, NKG7, and GNLY). To
characterize T cell states along the trajectory, an “exhaustion score” was additionally calculated based
on the expression of TOX, PDCD1, and TIGIT. For myeloid cells, activation scores were calculated for
inflammatory signaling (TNF, ILIB, IL6, CXCLS, CCL2, and CCL3), interferon response (ISG15, MX1,
IFI44L, IFITI, IFITM3, and OASI), and complement activation (CI0A4, C10B, CIQC, C3, and C44).

All scores were calculated using the AddModuleScore function.
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To delineate intercellular communication, we inferred signaling networks using the CellChat R package
to identify overall pathway patterns. Additionally, CellPhoneDB (v2.0) was used to resolve specific
receptor—ligand interactions between myeloid and T cell populations, with statistical significance
assessed via permutation testing (1000 iterations, P < 0.05). Gene set enrichment analysis (GSEA) was
performed using clusterProfiler with the Hallmark collection; P-values were adjusted using the
Benjamini—Hochberg method. Monocle 3 was used for trajectory analysis, ordering T-cell populations
along pseudotime. Statistical comparisons of cell type proportions and signature scores between groups
were performed using the Wilcoxon rank-sum test. Relationships between myeloid activation and T cell
functional features were assessed using Spearman correlation analysis. Statistical significance was

defined as a two-sided P < 0.05.
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Supplementary Table

Table S1 . Summary of missing data for key variables

Variable Available N (%) Missing N (%) Analyses including the variable
Multivariable survival analysis, early mortality
Cytogenetics 112 (88.2) 15 (11.8) analysis
Baseline characterization, survival analysis if
R-ISS 108 (85.0) 19 (15.0) applicable
EMD 123 (96.9) 4(3.1) Baseline analysis, early mortality analysis
Multivariable survival analysis, early mortality
ECOG PS 126 (99.2) 1(0.8) analysis

Abbreviations: n, number; ECOG, Eastern Cooperative Oncology Group; PS, performance status; EMD,

extramedullary disease; R-ISS, Revised International Staging System
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Table S2. Era baseline characteristics comparison (with SMD)

Characteristic Pre-2016 era Post-2016 era P value SMD
(N=359) (N =68)
Age, years 64.0 (59.0-70.0) 61.5 (52.8-68.0) 0.067 0.348
Sex, Male (%) 34 (57.6) 26 (38.2) 0.029 0.388
ECOG PS (22), (%) 21/58 (36.2) 15/68 (22.1) 0.079 0.311
CPCs, 5-19%, (%) 26 (44.1) 31 (45.6) 0.863 0.030
>20% 33 (55.9) 37(54.4)
R-ISS stage, (%) N=50 N=58 0.772 0.038
I 2 (4.0) 1(1.7)
I 26 (52.0) 31(53.4)
111 22 (44.0) 26 (44.8)
Elevated LDH (%) 23 (39.0) 38 (55.9) 0.056 0.344
Leukocytosis (%) 19 (32.2) 25 (36.8) 0.590 0.095
Extramedullary disease (%) 14/56 (25.0) 15/67 (22.4) 0.731 0.061
Platelet count <130 x10%/L (%) 41 (69.5) 48 (70.6) 0.892 0.023
Beta2-microglobulin >5.5 mg/L (%) 43 (72.9) 46 (67.6) 0.425 0.142
Calcium >11 mg/dL (%) 8 (13.6) 10 (14.7) 0.826 0.039
High-risk cytogenetics* (%) 24/51 (41.7) 43/61 (70.5) 0.011 0.476
del(17p) (%) 11/51 (21.6) 15/61 (24.6) 0.706 0.071
Hypodiploidy (%) 14/48 (29.2) 25/57 (43.9) 0.120 0.305
Frontline Treatment regimen (%)
ISC 17 (28.8) 1(1.5) <0.001 0.783
BSC 36 (61.0) 21(30.9)
VTD/VRD 6(10.2) 39 (57.4)
DBQ 0(0.0) 7 (10.3)
ASCT 17 (28.8) 34 (50.0) 0.015 0.433
Early death 13 (22.0) 12 (17.6) 0.535 0.110
Death 37 (62.7) 35(51.5) 0.202 0.227
Follow-up duration, median 78.4 37.5 <0.001

* del(17p), t(4;14), t(14;16), and 1q21

Early death was defined as mortality occurring within 6 months from the date of pPCL diagnosis.

Abbreviations: n, number; IQR, Interquartile range; Ig, Immunoglobulin; ECOG, Eastern Cooperative Oncology
Group; PS, performance status; EMD, extramedullary disease; R-ISS, Revised International Staging System; LDH,
lactate dehydrogenase; ULN, upper limit of normal value; CPCs, circulating plasma cells; DBQ, Daratumumab-
based quadruplets; VTD, bortezomib, thalidomide and dexamethasone; VRD, bortezomib, lenalidomide, and
dexamethasone; BSC, Bortezomib standard combinations; ISC, Immunomodulatory drugs standard combinations;
ASCT, Autologous stem cell transplantation
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Table S3. Multivariable Cox regression sensitivity analyses for treatment era

(O] PFS
Model N Events HR (95% CI) P-value N Events HR (95% CI) P-value

Model 0 Unadjusted 127 72 0.9 (0.57-1.44) 0.669 127 101 1.2 (0.80-1.80) 0.369
Model 1 Age, sex, ECOG PS, LDH, and

high-risk cytogenetics 108 63 0.84 (0.49-1.44) 0.536 108 87 1.14 (0.71-1.85) 0.580
Model 2 Model 1 + EMD 104 60 0.83 (0.47-1.46) 0.516 104 83 1.25 (0.75-2.06) 0.391
Model 3 Model 1 + frontline regimen 108 63 0.73 (0.39-1.37) 0.327 108 87 1.18 (0.66-2.11) 0.567
36-month censoring Model 1 covariate set 108 58 0.89 (0.51-1.54) 0.671 108 80 1.03 (0.63-1.67) 0.906

The multivariable models adjusted for age, sex, ECOG performance status, LDH, and high-risk cytogenetics. Additional sensitivity models further adjusted for

extramedullary disease or frontline treatment regimen. To address differences in follow-up maturity between eras, a sensitivity analysis with administrative censoring at 36

months was also performed.

Abbreviations: n, number; OS, Overall Survival; PFS, Progression Free Survival; ECOG, Eastern Cooperative Oncology Group; PS, performance status; EMD,

extramedullary disease; LDH, lactate dehydrogenase
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Table S4. Clinical characteristics and treatment response according to 6-month early mortality

Variable, n (%) Early death group (n=25) Survivors (n=102) P-value
Age, median (IQR) 68.0 (61.0-78.0) 62.0 (54.0-68.0) 0.007
Male 13 (52.0) 47 (46.1) 0.658
ECOG PS >2 13/24 (54.2) 23/102 (22.5) 0.005
LDH > (1 x ULN) 20 (80.0) 41 (41.8) <0.001
Platelets, < 100 x 10%/L 15 (60.0) 45 (44.1) 0.229
Extramedullary disease 11/25 (44.0) 18/98 (18.4) 0.015
High-risk cytogenetics 13/23 (56.5) 54/89 (60.7%) 0.813
del(17p) 9/23 (39.1) 17/89 (19.1) 0.054
(4;14) 3/23 (13.0) 11/89 (12.4) 1.000
t(14;16) 0/23 (0.0) 4/89 (4.5) 0.579
t(11;14) 4/23 (17.4) 28/89 (31.5) 0.208
amplq 7/23 (30.4) 25/89 (28.1) 0.801
Hypodiploidy 10/23 (43.5) 29/82 (35.4) 0.208
Frontline Treatment regimen 0.792
ISC 4 (16.0) 14 (13.7)
BSC 13 (52.0) 44 (43.1)
VTD/VRD 7 (28.0) 38 (37.3)
DBQ 1(4.0) 6(5.9)
Response after frontline treatment
>VGPR 1/15 (6.7) 63/98 (61.2) <0.001
Cause of Early death
Disease Progression 9 (36.0) - -
Infection/sepsis 9 (36.0) - -
Heart failure 1 (4.0) - -
Unknown 6 (24.0) - -

Early death was defined as mortality occurring within 6 months from the date of pPCL diagnosis.

60 Abbreviations: ECOG PS, Eastern Cooperative Oncology Group Performance Status; LDH, Lactate
61 dehydrogenase; ULN, Upper limit of normal; EMD, Extramedullary plasmacytoma; ISC, Immunomodulatory
62 drug-based steroid combination; BSC, Bortezomib-based steroid combination; VTD/VRD, Bortezomib,
63 Thalidomide/Lenalidomide, and Dexamethasone; DBQ, Daratumumab-based quadruplet; VGPR, Very good
64  partial response.
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Table SS. Univariable and multivariable logistic regression analyses for 6-month early mortality

Univariate Multivariate
Variable OR (95% CI) P-value OR (95% CI) P-value
Age 1.07 (1.02-1.12) 0.004 1.04 (0.99-1.10) 0.146
ECOG PS >2 3.97 (1.60-10.06) 0.003 3.28 (1.11-10.05)  0.031
LDH > (1 x ULN) 5.16 (1.97-15.74) <0.001 3.45(1.08-11.05)  0.019
del(17p) 2.71 (1.01-7.16) 0.047 3.58(1.17-11.43)  0.025

Early mortality was defined as death occurring within 6 months from the date of initial diagnosis of pPCL.

Variables with a P-value < 0.05 in the univariate analysis were included in the multivariate logistic regression
model.

Abbreviations: OR, odds ratio; CI, confidence interval, ECOG, Eastern Cooperative Oncology Group; PS,
performance status; LDH, lactate dehydrogenase; ULN, upper limit of normal; pPCL, primary plasma cell
leukemia.



75  Supplementary figure legends

Exploratory scRNA-seq Newly diagnosed pPCL patients
pPCL(n=4), MM (n=2), identified retrospective multicenter
Healthy donor (n=3) collection (n=127)

76 New Diagnosis 51 Reclassified (CPC 5-19%,
(after 2021 IMWG Criteria) before 2021 IMWG Criteria)

Early Death (n=25) N Frontline Therapy

Evaluable for
Response (n=116)

Unevaluable for Response (n=11)
- cause : Early death (n=10),
Tx Ongoing (n=1)

Achieved CR

Achieved VGPR

Achieved less than

(n=25) (n=39) VGPR (n=52)
| | Supportive care
(n=20)
ASCT (n=13) ASCT (n=23) S I o I
econa-ine .
Second-line Therapy
[ Therapy (n=17) ] +ASCT (n=15)

76

77  Supplementary Figure 1. Flow diagram of patient identification, treatment allocation, and study

78  enrollment in pPCL.

79  Abbreviations: pPCL, primary plasma cell leukemia; IMWG, International Myeloma Working Group;
80 MM, multiple myeloma; scRNA-seq, single-cell RNA sequencing; ASCT, autologous stem cell

81 transplantation; CR, complete response; VGPR, Very good partial response.
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Supplementary Figure 2. Kaplan—Meier survival curves according to baseline prognostic factors in pPCL. Overall survival (OS) and progression-free
survival (PFS) according to (A, B) circulating plasma cell (CPC) percentage, (C, D) revised International Staging System (R-ISS) stage, (E, F) extramedullary

disease (EMD), and (G, H) lactate dehydrogenase (LDH). Statistical significance was determined using the log-rank test.

Abbreviations: OS, overall survival; PFS, progression-free survival;, CPCs, circulating plasma cells; R-ISS, revised International Staging System; EMD,

extramedullary disease; LDH, lactate dehydrogenase.
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Supplementary Figure 3. Kaplan—Meier survival curves according to cytogenetic abnormalities.

Overall survival (OS) and progression-free survival (PFS) curves according to (A, B) del(17p), (C, D) hypodiploidy, (E, F) t(4;14), and (G, H) amp1qg21.
Cytogenetic status was adjusted by incorporating conventional karyotyping results for patients with missing FISH data to maximize the evaluable cohort.

Statistical significance was determined using the log-rank test.

Abbreviations: OS, overall survival; PFS, progression-free survival; FISH, fluorescence in situ hybridization.
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Supplementary Figure 4. Survival outcomes according to second-line treatment strategy in patients
with an inadequate response to frontline therapy. Kaplan—-Meier curves for (A) overall survival (OS)
and (B) progression-free survival (PFS) according to second-line treatment approach among patients

with less than very good partial response after frontline therapy.

Abbreviations: OS, overall survival; PFS, progression-free survival; 2L, second-line; ASCT, autologous

stem cell transplantation
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Supplementary Figure S. Functional scoring across T-cell subsets in pPCL, MM, and healthy donor
samples. (A) Naive maintenance scores are lower in MM and pPCL than in controls in both CD4+ and
CDS8+ T cell compartments. (B) Cytotoxicity scores are also lower in disease, including within activated
CD4+ and activated CD8+ T cell subsets. Directions are consistent across patients, and the patterns

remain when scores are pooled within lineages.
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115 Supplementary Figure 6. Associations between myeloid pathway activity and naive maintenance
116 programs across activated and memory T-cell subsets.

117  (A) Activated CD4+ T cells. (B) Activated CD8+ T cells. (C) Memory CD4+ T cells. (D) Memory
118  CD8+ T cells. Each panel shows pairwise correlation plots between myeloid pathway activity and naive

119  maintenance-related transcriptional programs.
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Supplementary Figure 7. Transcriptional associations between myeloid activity, cell-cell interactions, and pseudotime dynamics in activated T-cell

subsets.
(A) Pairwise correlation plots between myeloid pathway activity and T-cell functional programs in activated CD4+ and activated CD8+ T-cell subsets. (B)
CellChat-based heatmap showing inferred receptor—ligand interaction strength across immune cell populations in healthy donor (HD), MM, and pPCL

samples. (C) Pseudotime-associated expression of selected genes, including GZMA, NKG7, and TOX, in activated CD8+ and activated CD4+ T-cell subsets.

Abbreviations: HD, healthy donor; MM, multiple myeloma; pPCL, primary plasma cell leukemia.
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