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Abstract

Multiple myeloma represents a systemic disease of the bone marrow (BM) niche, in
which immune and skeletal pathways are tightly interconnected. However, the
independent prognostic significance of bone and immune-related markers in newly

diagnosed multiple myeloma (NDMM) remains incompletely understood.

Semaphorin (Sema) 4D, activin-A, and periostin ELISA, LEGENDplex™ Human Bone
Metabolism Panel and proteomic analysis for novel biomarker identification were
conducted in 71 consecutive samples from NDMM patients. In 25 patients, genomic

analysis was performed on sorted clonal plasma cells.

NDMM patients had a median age at diagnosis of 65 years and a median follow-up of
2.5 years. Interleukin (IL)-1B and Sema4D levels predicted progression-free survival
(PFS), highlighting their role in disease relapse. Proteomic profiling revealed a systemic
signature associated with worse prognosis, enriched in complement activation
components. Complement C5 significantly affected PFS and time to progression (TTP).
IL-1B and C5 predicted PFS independently of the second revision of the International
Staging System (R2-ISS) stage, and a similar trend was noted for Sema4D. Myeloma
bone disease (MBD) did not significantly affect overall survival, PFS, or TTP, suggesting
that contemporary treatments mitigate its impact. Genomic analyses identified
variants associated with inferior PFS, including HLA-DRB5 (c.300_306delinsCGGG) and

HLA-DQB1 (c.317_319delinsCGG).

Sema4D and the IL-1B—complement cascade emerged as key drivers of disease
progression, independent of R2-ISS stage, representing potential prognostic and

therapeutic targets in NDMM.



Introduction

Multiple Myeloma (MM) is a complex hematological malignancy characterized by the
clonal proliferation of malignant plasma cells within the bone marrow (BM).! MM is
driven by interactions between tumor cells and their surrounding niche, the bone
marrow microenvironment (BMME), which consists of a heterogeneous network of
stromal cells, immune cell populations, cytokines, and extracellular matrix
components.?3 This environment represents a functional interface between the
immune system and bone remodeling processes, highlighting the tight coupling

between immune regulation and bone metabolism in MM 4>

Complex interactions between myeloma plasma cells and the BMME lead to the
disruption of normal bone remodeling.® Dysregulated bone remodeling can be
affected by a pro-inflammatory milieu, as myeloma cells and stromal components
secrete a wide range of cytokines, including interleukin (IL)-1B, IL-6, tumor necrosis
factor (TNF)-a, and other osteoclast-activating factors, that simultaneously promote
plasma cell growth, immune dysregulation, and bone destruction’8. Proteomic
studies in MM have identified extensive alterations in BM proteins involved related to
immune regulation, inflammation, coagulation, and bone metabolism.>! Mass
spectrometry—based analyses of BM interstitial fluid have revealed proteomic
signatures associated with clinical outcomes.*?** Among these, molecules involved in
immune modulation and inflammation, such as ILs'*#'> and components of the
complement cascade'®, are particularly interesting due to their dual role in regulating
plasma cells—microenvironment interactions and bone homeostasis. For example, IL-

6 acts as a key growth and survival factor for immature plasma cells while preventing



terminal differentiation, thereby sustaining the malignant phenotype.l’ At the same
time, the secretion of IL-6 by osteoclasts enhances the proliferation of myeloma cells
but also promotes bone resorption through the upregulation of RANKL.>® This
interplay exemplifies a vicious cycle of bone destruction and tumor expansion
expanding the concept of osteoimmunology, where immune signaling and bone
metabolism are interconnected.'®° However, the independent prognostic significance
of bone and immune related markers in newly diagnosed MM patients (NDMM)

remains incompletely understood.

The primary aim of this study was to investigate the association of skeletal and
immune-related biomarkers, including semaphorin-4D (SEMAA4D), activin-A, periostin,
and an established panel of bone metabolism with clinical outcomes, namely overall
survival (OS), progression-free survival (PFS), and time to progression (TTP). We also
employed high-though put mass-spectrometry based plasma proteomic profiling in
order to identify novel circulating biomarkers and molecular mechanisms that
determine disease outcomes. Since in the BM microenvironment these markers could
also reflect bone turnover, we examined their impact on discriminating underlying
myeloma bone disease (MBD) and imaging-defined osteolytic lesions. While BM-
derived specimens may directly reflect the microenvironment, plasma offers a
minimally invasive and clinically accessible source for biomarker discovery.?%2?
Therefore, in our study we selected plasma proteomics over BM to enable future
translation into routine clinical practice. Furthermore, we evaluated the impact of
MBD on OS, PFS and TTP in patients with NDMM, in the context of contemporary anti-

myeloma therapies. Finally, whole exome sequencing (WES) of clonal and non-clonal



BM cells was conducted to identify genetic variants associated with clinical outcomes

and provide an integrative view of the molecular determinants of disease progression.

Methods

Detailed methodology is described in the supplementary file.

Study population and sample collection

Data and plasma samples from sequential 71 patients with NDMM (Supplementary
Table 1) were analyzed with ELISA, a bone metabolism protein panel and mass-
spectrometry based proteomics. ELISA assays were also applied in n=21 paired plasma
samples obtained at the prior smoldering multiple myeloma (SMM) or monoclonal
gammopathy of undetermined significance (MGUS) stage from the same patients and
plasma samples from n=25 independent, sex and aged matched SMM/MGUS patients

to investigate bone-related biomarkers at earlier disease stages.

All patients provided written informed consent for the use of their biological material
and clinical data, including secondary research analyses where applicable. The study
was reviewed and approved by the Institutional Review Board (173/2024, 07/06/2024,
NKUA). Patient identifiers were removed prior to the analysis to ensure confidentiality
and compliance with the General Data Protection Regulation (GDPR) and the Health

Insurance Portability and Accountability Act (HIPAA).

Plasma measurements

Plasma concentrations of SEMAA4D, activin-A, and periostin were quantified using
commercially available sandwich ELISA kits (Human SEMA4D ELISA Kit, Cat. No. LS-

F22167-1; Human Activin A ELISA Kit, Cat. No. LS-F54506-1; Periostin ELISA Sandwich



Kit, Cat. No. LS-F3645; all from LSBio, Shirley, MA), according to the manufacturers’
instructions. To quantify additional circulating markers related to bone metabolism
and inflammation using the LEGENDplex™ Human Bone Metabolism Panel (13-plex;
BioLegend, San Diego, CA, USA), a multiplex bead-based immunoassay. The panel
allows the simultaneous quantification of 13 proteins, including cytokines and bone-
related mediators, in small plasma volumes. Plasma samples were collected and
processed for proteomic analysis. The filter aided sample preparation (FASP) was
performed as we have previously reported.??72* All LC-MS/MS experiments were
conducted using the Dionex Ultimate 3000 UHPLC system coupled with the high-
resolution nano-ESI Q-Ex active Plus - Orbitrap mass spectrometer (Thermo Scientific,
Waltham, MA). False discovery rate (FDR) validation was based on q value: target FDR
: 0.01%°. Quantification was performed at the peptide level employing a clustering
approach as previously described.?®?’ Differential protein expression analysis was
performed using the ProtE R package.?® Pathway enrichment analysis of proteins of
interest was conducted using the web-based GEne SeT Analysis Toolkit

(WebGestalt).2230

Genomics

Clonal plasma cells and non-clonal BM populations were sorted from a sub-cohort of
n=25 NDMM patients. Flow cytometry and cell sorting were performed on a BD
FACSMelody™ (BD Biosciences). Total DNA was isolated from sorted cell samples using
the NucleoSpin® TriPrep kit (Macherey-Nagel, Germany) following the manufacturer’s
protocol. Whole-exome sequencing (WES) was performed. Library preparation and

whole exome enrichment were performed using the Twist Library Preparation EF Kit



and the Twist Target Enrichment Standard Hybridization v2 Protocol (Twist Bioscience,
USA) following the manufacturer’s instructions. Sequencing was performed on the
[llumina NextSeq 2000 platform (lllumina, San Diego, CA, USA) to generate 150 bp
paired-end reads, achieving a mean coverage depth of 90X. Sequencing reads
underwent quality control with FastQC, to assess base quality, GC content and adapter
contamination. Reads were aligned to human genome assembly GRCh37 using the
DRAGEN Enrichment App (Illumina, USA), which also performed variant calling for
single nucleotide variants (SNVs) and small insertions/deletions. Variant annotation
and filtering were performed using ANNOVAR tool with population (e.g., gnomAD) and
clinical (e.g., ClinVar) databases and Franklin database to prioritize variants based on

frequency and pathogenicity for downstream interpretation.

Statistical analysis

Mann-Whitney U test or Kruskal-Wallis test were applied to the non-normally
distributed data. Categorical variables were compared using Fisher’s exact test or the
Chi-square test, as appropriate. To evaluate the prognostic value of individual protein
expression levels with respect to clinical outcomes—OQOS, PFS, and TTP—survival
analysis was performed. Survival curves were compared between groups with low and
high protein expression defined by the maximally ranked statistics-derived cutoff and
the Kaplan Meier method, and statistical significance was assessed via the log-rank
test. To estimate the association between protein expression and the risk of an event,
univariate survival analysis was performed using Cox proportional hazards models.
Protein expression was included as an independent variable, categorized according to

the optimal cutoffs, while time-to-event and event status were defined as dependent
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variables. Prior to model fitting, the proportional hazards assumption was verified for
all variables using Schoenfeld residuals. For each model, the hazard ratio (HR), 95%
confidence interval (95% CI), and p-value were calculated. To identify proteins
independently associated with clinical outcomes, multivariate Cox models were
subsequently adjusted for key clinical confounders, including age (< or 265 years), sex,
induction treatment, and autologous stem-cell transplantation (ASCT). Finally, an
exploratory multivariable Cox model was constructed incorporating multiple
significant biomarkers simultaneously to assess their joint prognostic utility. To control
for type | errors across all multiple comparisons, p-values were adjusted using the
Benjamini-Hochberg FDR method. A p-value of <0.05 is considered statistically
significant across this study. This analytical framework was applied to circulating

biomarkers quantified by ELISA, LEGENDplex, and proteomics.

Results

SEMAA4D and periostin are increased in patients who progress to MM regardless of

the presence of MBD

Given their established roles in bone remodelling and tumour—bone interactions,
circulating levels of Semaphorin 4D (SEMAA4D), periostin, and activin-A were assessed
across the stages of MM progression. MGUS/SMM non-progressor patients (n=25)
were compared with MGUS/SMM patients who progressed to MM (n = 21). SEMA4D
and periostin levels were significantly higher in MGUS/SMM patients who progressed
to MM compared with those who did not show disease progression regardless of the
presence of MBD (Figures 1A and 1B). Statistically significantly increased levels of

SEMA4D and periostin were also observed in patients with NDMM compared with
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non-progressors. No difference was observed between MGUS/SMM or MM patients
with and without MBD (Figure 1A and 1B). Activin-A levels were similar between non-
progressors and MM progressors either at the MGUS/SMM state or at the timepoint
of MM diagnosis with and without MBD (Figure 1C). None of these markers showed a
significant association with performance status (PS) or the number of osteolytic lesions

(data not shown).

SEMAA4D is increased in NDMM patients and is predictive of disease progression

The increased levels of SEMA4D and periostin in NDMM patients, were further
associated with clinical outcomes (Supplementary Table 2). Importantly, in NDMM
patients, SEMA4D predicted PFS and TTP (Figures 2A and 2B) and remained a
prognostic marker for PFS in the multivariate adjusted Cox model, with a trend towards
predicting TTP (adjusted HR-aHR = 3.03, 95% Cl: 1.06-8.66, p = 0.03, and aHR = 3.62,
95% Cl: 0.98-13.29, p = 0.05, respectively), highlighting its potential role as both a
prognostic biomarker and a therapeutic target. Although periostin was significantly
associated with OS in univariate analysis (Supplementary Figure 1) (HR =6.02, 95% Cl:
1.60-22.66; p adjusted for multiple comparisons = 0.048), this association was not
maintained in multivariate analysis, suggesting that its prognostic value may be

influenced by additional factors.

Markers of bone metabolism and cytokines are not significantly different in patients

with and without MBD

To comprehensively assess alterations in bone metabolism-related signaling,
circulating levels of key regulators of osteoclast and osteoblast activity—OPG, OPN,
PDGF-BB, ALPL, ACP5, leptin, RANKL (TRANCE), TNF-a, IL-6, PTH, IL-1B, BMP-2, and

12



DKK-1—were quantified using the LEGENDplex™ Human Bone Metabolism Panel
(Supplementary Figure 2). The markers were initially compared between NDMM
patients with and without MBD. Mann—Whitney U analysis revealed that only DKK-1
levels showed a trend towards increased levels in MBD status (p = 0.062), which were
not significant after adjustment for multiple comparisons (adjusted p = 0.401)
(Supplementary Figure 3). No statistically significant differences were observed for the

remaining bone metabolism markers (Supplementary Table 3).

Subsequently, the association between circulating markers of bone metabolism and
the presence of osteolytic lesions was examined. No statistically significant differences
were identified after correction for multiple testing. OPG levels tended to differ
according to the presence of osteolytic lesions (p = 0.078; adjusted p = 0.796).

(Supplementary Table 4).

IL-1B circulating levels are predictive of progression free survival and osteopontin

predicts overall survival

Bone metabolism protein analysis with the multiplex bead-based flow assay showed
that at NDMM, IL-1B predicted PFS (aHR: 5.55, 95%Cl: 1.14-27.03, p = 0.03), thus
inflammation remains a key pathophysiological mechanism in MM that could be
targeted by emerging therapies (Figure 3A and Supplementary Table 2). OPG
predicted OS (aHR: 10.82, 95%Cl: 1.29 - 90.65, p = 0.02) (Figure 3B), indicating that
bone turnover remains important for survival outcomes; however, the small number

of cases analysed limits our interpretation.

Plasma proteome reveals novel biomarkers of disease state and progression
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Circulating proteomic profiling revealed a distinct systemic signature associated with
MBD, extending beyond conventional markers of bone turnover. Patients with MBD
exhibited upregulation of proteins linked to tumor burden and immune activation
(B2M, L1TD1), cytoskeletal remodelling and cell motility (SHTN1, MYH16, FHOD1), and
endothelial, coagulation, and inflammatory pathways (F12, AMBP, ARAP3), consistent
with an actively remodelled BM niche. In contrast, downregulation of stress-response
and vesicular trafficking proteins (HSPA1, ARFGEF3) suggests exhaustion or rewiring of
protective homeostatic mechanisms in MBD, potentially amplifying inflammatory
signalling and tissue damage (Figure 4 and Supplementary Table 5). L1TD1 seems the
most promising candidate, since it has been described as a tumor progressor marker

in malignant conditions,332 and had the lowest p value upon FDR adjustments.

Thirty-four circulating proteins were initially associated with the presence of osteolytic
lesions, although none remained significant after correction for multiple testing.
Pathway enrichment analysis of these proteins highlighted post-translational protein
phosphorylation, regulation of insulin-like growth factor (IGF) transport and uptake by
IGF-binding proteins, platelet activation and degranulation, and complement-related
pathways, including regulation of the complement cascade and activation of C3 and
C5. Collectively, these findings point to a coordinated activation of complement-,
platelet-, and IGF-associated signalling in patients with osteolytic lesions, despite the

lack of statistical significance after adjustments (Supplementary Figure 4).

Subsequently, an analysis was performed to identify proteins that commonly defined
all three major outcome-related parameters based on multivariate analysis. A

common protein signature was identified across all endpoints (i.e., OS, PFS and TTP)
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that comprised of 13 proteins, namely IGKV2-30, CFP, MASP1, F9, CLEC3B, ATRN, FGB,
BCHE, ITIH4, C5, CPN1, LRG1, and PLG using Venn diagrams (Figure 5A). Pathway
enrichment analysis revealed that these proteins are predominantly clustered within
complement activation, platelet function, and hemostatic pathways. Specifically,
significant enrichment was observed in the complement cascade, including initial
triggering of complement, activation of C3 and C5 and regulation of the complement
cascade, highlighting the coordinated activation of innate immune mechanisms
(Figure 5B). Association of proteomic findings with OS was performed but the
estimates were characterized by wide confidence intervals and instability, limiting their
interpretability. This likely reflects the limited number of events and/or insufficient
follow-up duration. However, PFS and TTP estimates were reliable. Indicatively, using
an optimal cutoff value of 281.44 for C5, elevated levels were significantly associated
with inferior clinical outcomes in NDMM patients. In multivariate Cox regression
analysis, high C5 levels remained an independent predictor of shorter PFS (aHR = 4.13,
95% Cl: 1.12-15.27, p = 0.033). Similarly, elevated C5 was independently associated

with shorter TTP (aHR = 7.89, 95% Cl: 1.02-61.23, p = 0.048) (Figure 6A and 6B).

IL-1B and C5 predict progression free survival independently of disease stage, while

SEMAA4D remains prognostic

To assess whether inflammatory and complement-related biomarkers provide
prognostic information independent of established clinical factors, a multivariate Cox
proportional hazards model was constructed including age, sex, treatment, ASCT, the
second revision of the International Staging System (R2-ISS) stage, and the biomarkers

SEMA4D, C5, and IL-1B. In this model, both C5 and IL-1B retained independent
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prognostic significance for PFS. Specifically, elevated C5 levels were associated with a
markedly increased risk of progression (aHR =38.19, 95% Cl: 1.47-994.27, p = 0.028),
while IL-1B also independently predicted inferior PFS (aHR = 49.19, 95% Cl: 2.29-
1056.31, p = 0.013). In contrast, SEMA4D showed a trend toward significance (aHR =
7.17, 95% Cl: 0.74-69.13, p = 0.088), suggesting a potential but less robust
independent effect. Interestingly, R2-ISS stage was not significantly associated with PFS
in the multivariate model (aHR = 2.36, 95% Cl: 0.56-9.87, p = 0.239), supporting the

notion that these biomarkers have a potential prognostic value beyond R2-ISS.

MBD presence at diagnosis does not impact on patient characteristics and clinical

outcome

NDMM patients had a median age at diagnosis of 65 years (range 46—89) and median
follow-up duration was 2.5 years (range 1.7-3.4); 39 (54.9%) were women, and 46
(64.8%) presented with MBD. Supplementary Table 1 summarizes the baseline
characteristics of patients at the time of diagnosis, stratified according to the presence
or absence of MBD. No statistically significant differences were observed between the
two groups, with the exception of disease stage according to the ISS, and risk
stratification according to the R2-ISS. Notably, almost half of the patients with MBD

were diagnosed with more than ten osteolytic lesions (19 of 46 patients, 41.3%).

Patients with MBD did not show statistically significant differences in OS (1.29, 95%Cl:
0.34-4.85, p=0.710), PFS (0.79, 95%Cl: 0.36-1.74, p=0.559), or TTP (0.68, 95%Cl: 0.28-
1.69, p=0.410) compared to those without MBD, suggesting that current anti-myeloma

treatments mitigated the impact of MBD on patient outcomes (Figures 7, 8A and 8B).

Exploratory genomic landscape and association with clinical outcomes

16



WES was performed in paired clonal and bulk BM cells from 25 patients with NDMM
to investigate associations between genomic variants and clinical phenotypes. No
variants were significantly associated with MBD or the number of osteolytic lesions

per patient after FDR correction.

Following adjustment for multiple testing, OS analysis identified two variants
significantly associated with outcome. These included a synonymous exonic variant in
MUC22 (c.4296T>C) classified as possibly benign and non-somatic, and a non-
synonymous exonic variant in GCNT1 (c.1103C>T) classified as possibly benign and
identified as somatic. Both variants remained significantly associated with OS after
adjustment, despite their predicted low functional impact (Supplementary Figures 5A
and 5B). Given that TTP and PFS were identical in this subcohort, subsequent analyses
focused on variants associated with inferior TTP. The strongest associations were
observed for variants in HLA class Il genes, including a non-frameshift exonic variant in
HLA-DRB5 (c.300_306delinsCGGG) classified as possibly pathogenic and non-somatic,
and a non-synonymous exonic variant in HLA-DQB1 (c.317_319delinsCGG) of
uncertain significance identified as somatic (Supplementary Figures 5C and 5D). In
addition, inferior TTP was associated with a synonymous exonic variant in NPIPB11
(c.1659G>C) classified as likely benign and non-somatic, as well as a non-synonymous
exonic variant in OR2T8 (c.152_154delinsGCA) of uncertain significance identified as

somatic (Supplementary Figures 5E and 5F).

Discussion

The present study investigates the clinical and molecular parameters of MM

progression and MBD utilizing targeted ELISA, a multiplex bone metabolism protein
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assay, and an untargeted proteomic approach. At molecular level, circulating
biomarkers—specifically periostin and SEMA4D—showed prognostic value, as their
levels significantly increased in patients who progressed from MGUS/SMM to MM
compared with non-progressors, irrespective of the presence of MBD. Furthermore,
SEMA4D demonstrated prognostic significance for PFS in NDMM patients, in parallel
with IL-1B, as revealed in the bone metabolism assay. Proteomic analysis identified
multiple proteins that significantly influenced patient outcomes with respect to TTP
and PFS. The association of these proteins with immune-related molecular pathways,
highlighted the involvement of the complement system in MM progression, with
complement component C5 emerging as a potential prognostic and potential
therapeutic target. Our findings demonstrate that the presence of MBD in NDMM
patients does not affect survival or disease progression, suggesting that bone
involvement at diagnosis does not translate into worse clinical outcomes, at least
within the studied population and in the frame of this specific therapeutic context. In
a subcohort of patients, genomic profiling of clonal plasma cells identified HLA variants
associated with lower disease progression rates, but no association with MBD was

observed.

In a previous study, we have identified biomarkers associated with serum calcium
levels, increased bone resorption and ISS, like SEMA4D. There was a trend for higher
SEMAA4D levels in patients with osteolysis, while patients with a diffuse MRI pattern
had higher BM SEMAA4D levels.?* Moreover, in another study, we found that periostin
correlated with the presence of fractures (indicating MBD) and a diffuse MRI pattern
of BM infiltration.3* Concerning circulating biomarkers, we have previously shown that

activin-A was associated with increased bone resorption and extensive myeloma bone
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disease (MBD) as well as with inferior survival.3®> In this context, we initially aimed to
validate these circulating markers in patients with NDMM, with and without MBD, not
only at diagnosis but also using paired samples from the same individuals who
progressed from the asymptomatic SMM/MGUS stage to overt MM. Regarding
biomarker evaluation, among SEMAA4D, activin-A, and periostin, only SEMA4D
demonstrated a prognostic value at the NDMM stage, showing a statistically significant
association with PFS in NDMM patients. Semaphorins are signaling molecules involved
in osteoclast—osteoblast communication, with SEMA4D exerting a dominant inhibitory
effect on osteoblast differentiation and regulating osteoblast motility.3¢3” Previous
studies have initially demonstrated elevated levels of SEMA4D and its receptor Plexin-
B1 levels in both serum and BM plasma of patients with active MM.38 Our findings
align with the disrupted bone metabolism in MM, marked by reduced osteoblast
activity.3® MM cells appear to inhibit osteoblast differentiation through a SEMA4D-
mediated mechanism?®. Additionally, elevated SEMA4D levels in the BM
microenvironment may also derive from osteocytes, besides SEMA4D production by

osteoclasts.*!

A novel finding of our study is that increased plasma levels of IL-1B are
associated with inferior PFS. IL-1B is highly produced in almost all plasma cells of MM
patients, whereas it is largely absent in normal plasma cells.*? This cytokine plays a
central role in the BM microenvironment by stimulating stromal cells to produce IL-6,
a key survival factor for myeloma cells, by promoting osteoclast activity driving bone
resorption, and by contributing to the development of osteolytic lesions.*
Experimental evidence indicates that SEMA4D can regulate cytokine networks

including IL-1B production in immune contexts, with SEMA4D knockout mice showing
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reduced IL-1B expression in response to inflammatory stimuli.** This evidence
highlights the importance of the SEMA4D-IL-1f axis as a novel finding driving disease

progression, as shown in our study.

Extensive proteomic analysis in the whole patient cohort revealed that MBD has a
limited impact on the plasma proteome. Only L1TD1, a protein related to stemness,
tended to maintain its high statistical significance between patients with and without
MBD. The identification of CFP (properdin), MASP1, and C5 among proteins associated
with adverse outcomes highlights a sustained activation of the complement system
through both the alternative and lectin pathways. Convergence on C5 suggests
amplification of downstream inflammatory signalling via C5a generation and
membrane attack complex formation, potentially linking innate immune activation to
BM damage and disease progression.*® This finding reinforces the central involvement
of innate immunity and the complement system in MM pathobiology, and underlines
potential diagnostic and therapeutic applications. The complement system is an
integral component of innate immunity and contributes to tissue homeostasis and
skeletal regeneration. Complement proteins play critical roles not only in immune
activation but also in bone development and bone tissue homeostasis, influencing
osteoblast and osteoclast differentiation, metabolism, and intercellular
communication.*® To date, limited studies have examined how innate immunity
mediating MM progression and MBD. Although there is no direct association between
the pathophysiology of MM and PNH, existing complement inhibitors used in and
paroxysmal nocturnal hemoglobinuria (PNH)*’ could potentially be repurposed for

MM in the future.
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Importantly, in our multivariate analysis including ISS stage and established clinical
covariates, both IL-1B and C5 retained independent prognostic significance for PFS,
indicating that their impact is not merely a reflection of disease burden. Notably, R2-
ISS stage did show statistical significance in this model, suggesting that these
biomarkers capture a distinct biological dimension related to inflammation and innate
immune activation that is not encompassed by conventional staging systems.
Collectively, these findings support the existence of an inflammation-driven high-risk
phenotype in MM, independent of tumor load, with potential implications for risk

stratification and therapeutic targeting.

Consistent with recent studies*®*°, MBD defined by modern imaging techniques
(mainly whole body low dose computed tomography) does not appear to directly
affect survival but rather impacts patients’ quality of life. In our cohort of 71 NDMM
patients, treated with contemporary MM therapies—including proteasome inhibitors,
immunomodulatory drugs and anti-CD38 monoclonal antibodies—MBD did not
influence survival outcomes. This observation is further supported by the absence of
the MBD status in the current MM staging systems. We propose that future studies
should include larger cohorts to enable stratification based on treatment modalities,
thus allowing the assessment of whether different therapeutic strategies exert

differential effects on the prognostic impact of MBD.

The HLA associations observed in our study, including variants in HLA-DRB5 and HLA-
DQB1 alleles, are consistent with previous GWAS data, highlighting the HLA region as
a key risk locus for mature B-cell-derived malignancies.>>>! Epidemiological analysis in

MM, further demonstrates the protective and predisposing effects of specific HLA
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alleles and haplotypes: HLA-B44 and A02-B44-DRB104 haplotypes were associated
with reduced MM risk, whereas HLA-BO7 and A02-B07-DRB104 conferred increased
susceptibility.>® Presentation of altered self-antigens by HLA molecules present on B
cells to T cell receptors could stimulate autoantibody production, suggesting a
mechanism by which HLA variation may influence disease susceptibility. Importantly,
in the context of our findings, there is no direct evidence linking these HLA variants
with SEMA4D or IL-1B, although the observed variants may contribute indirectly to

immune modulation within the tumor microenvironment.

This study has several limitations that should be considered when interpreting the
findings. First, the relatively limited sample size, particularly within the genomic
subgroup analysis cohort, may have reduced statistical power to detect more subtle
associations and increased the risk of type Il error. Second, the median follow-up
duration may be insufficient to fully capture long-term outcomes, particularly OS. As
MM is characterized by prolonged disease trajectories in the era of modern therapies,
longer follow-up is required to confirm the robustness and durability of the observed
prognostic associations. Importantly, because in our patient cohort MM was
diagnosed prior to the establishment of contemporary genomic risk stratification
frameworks, we were unable to comprehensively apply the most recent high-risk MM
criteria, such as those proposed by the Chromosomal Genomic Stratification (CGS)
model. Specifically, key genomic variables were not systematically available for all
patients. This limitation may have led to incomplete adjustment for high-risk genetic
features and could affect the interpretation of the independence of the investigated
biomarkers from established genomic risk. Furthermore, the divergent biological roles

and dynamic regulation of the investigated biomarkers (Sema4D, IL-1B, and
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complement components) across different disease states and microenvironmental
contexts may introduce variability that is not fully captured in a single time-point
measurement. Serial assessments could provide more accurate insights into their
prognostic relevance. Finally, although our findings suggest a potential prognostic role
for these proteogenomic markers, external validation in an independent, well-
characterized cohort is essential to confirm their generalizability and clinical utility.
Future studies integrating comprehensive genomic profiling and longitudinal
biomarker assessment, and standardized treatment approaches will be critical to

further elucidate the role of these pathways in MM prognosis.

In conclusion, this study highlights the clinical relevance of specific plasma biomarkers
including SEMA4D and IL-1B, and of the activation of the complement cascade, which
could eventually help to stratify MM patients at high risk for progression. Integration
of these biomarkers into multivariate prognostic models may support personalized
disease management and may guide intervention strategies in MM, while also
identifying sterile inflammation and the complement system as promising future

therapeutic targets to mitigate disease progression.
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Figure legends

Figure 1. ELISA analysis of SEMAA4D (A), periostin (B) and activin-A (C) in SMM/MGUS
and newly diagnosed multiple myeloma (NDMM) patients. Graphs present data from
SMM/MGUS patients who did not progress to MM (non-progressors; n=25; grey color),
SMM/MGUS patients who progressed to NDMM with (n=15) and without MBD (n=6)
and NDMM patients with (n =31) and without (n = 19) MBD. Patients who progressed
from MGUS/SMM to MM (n = 21) are marked in red or light red. Individual and mean
values £ SD are shown. Statistical analysis was performed using one-way ANOVA

followed by Tukey’s post hoc test. *p<0.05, **p<0.01, ***p<0.001.

Figure 2. Univariate Kaplan—Meier survival analysis according to SEMA4D levels in
newly diagnosed multiple myeloma (NDMM) patients. (A) Kaplan—Meier curve for
progression-free survival (PFS) stratified by SEMAA4D levels (high vs low). (B) Kaplan—
Meier curve for time to progression (TTP) stratified by SEMAA4D levels (high vs low).
Patients were dichotomized based on an optimal cutoff value which was defined via
maximal ranked statistics. Survival differences between groups were evaluated using

the log-rank test.

Figure 3: Prognostic significance of IL-1B and OPG in newly diagnosed multiple
myeloma (NDMM) patients. (A) Kaplan—Meier curve for progression-free survival
(PFS) stratified by IL-1B levels (high vs low) using an optimal cutoff determined by
maximally selected rank statistics. Elevated IL-1B levels were associated with inferior
PFS. (B) Kaplan—Meier curve for overall survival (OS) stratified by osteoprotegerin
(OPG) levels (high vs low) using the optimal cutoff determined by maximally selected

rank statistics. Higher OPG levels were associated with reduced OS; however,

28



interpretation is limited by the small number of events. Survival differences were

assessed using the log-rank test.

Figure 4: Barplots of circulating markers of proteome profiling stratified by the
presence of myeloma bone disease (MBD) in NDMM patients. Mann-Whitney test
was applied, and p values are depicted prior to FDR adjustments. P values are shown

on the graphs.

Figure 5: Identification and pathway characterization of a common outcome-related
protein signature. (A) Venn diagram illustrating proteins commonly associated with all
three major outcome parameters based on multivariate analysis, identifying a shared
signature of 13 proteins (i.e., IGKV2-30, CFP, MASP1, F9, CLEC3B, ATRN, FGB, BCHE,
ITIH4, C5, CPN1, LRG1, and PLG). (B) Pathway enrichment analysis of the common
protein signature performed using WebGestalt with Reactome pathway annotations,
demonstrating predominant clustering in complement activation, platelet function,
and hemostatic pathways, including initial triggering and regulation of the

complement cascade and activation of C3 and C5.

Figure 6: Circulating complement C5 determines disease progression. (A) Kaplan—
Meier curve for progression-free survival (PFS) stratified by C5 levels (high vs low) using
the optimal cutoff (281.44). Patients with elevated C5 levels exhibited significantly
shorter PFS. (B) Kaplan—Meier curve for time to progression (TTP) stratified by C5 levels
(high vs low) using the optimal cutoff (281.44). High C5 levels were associated with
inferior TTP. Patients were dichotomized according to the optimal cutoff value derived
from maximal rank statistics. Survival differences were assessed using the log-rank

test.
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Figure 7: Overall survival does not significantly differ between NDMM patients with
and without myeloma bone disease (MBD). Kaplan—Meier curve for overall survival
in patients with NDMM, stratified according to the presence (red curve) or absence

(blue curve) of MBD.

Figure 8: Progression free survival and time-to-progression do not significantly differ
between NDMM patients with and without myeloma bone disease (MBD). A)
Kaplan—Meier curve for progression free survival in patients with NDMM, stratified
according to the presence (red curve) or absence (blue curve) of MBD. B) Kaplan—
Meier curve for time to progression in patients with NDMM, stratified according to the

presence (red curve) or absence (blue curve) of MBD.
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Supplementary methods

Supplementary materials

All reagents were purchased from Sigma Aldrich (St. Louis, MI) or Macherey-Nagel

(Duren, DE), while ELISA kits were purchased from LSBio via ELTASOMGR.

Plasma collection

Peripheral blood was collected in EDTA-anticoagulated tubes and centrifuged at 3,000
x g for 10 min at room temperature. The supernatant plasma was carefully collected,
transferred to clean tubes, and stored at —-80°C until further analysis. Freeze—thaw

cycles were avoided.

Quantification of circulating biomarkers by ELISA

Plasma concentrations of SEMAA4D, activin-A, and periostin were quantified using
commercially available sandwich ELISA kits (Human SEMA4D ELISA Kit, Cat. No. LS-
F22167-1; Human Activin A ELISA Kit, Cat. No. LS-F54506-1; Periostin ELISA Sandwich
Kit, Cat. No. LS-F3645; all from LSBio, Shirley, MA), according to the manufacturers’

instructions.

Briefly, plasma samples were thawed on ice and analyzed in duplicate. Optical density
was measured using a Tecan Infinite® M200 PRO microplate reader (Tecan Group Ltd.,
Mannedorf, Switzerland) at the recommended wavelength, and concentrations were
calculated from standard curves generated using recombinant standards provided
with each kit. Intra- and inter-assay variability were within the ranges specified by the

manufacturers.

Multiplex analysis of bone metabolism-related proteins

3



To quantify additional circulating markers related to bone metabolism and
inflammation using the LEGENDplex™ Human Bone Metabolism Panel (13-plex;
BioLegend, San Diego, CA, USA), a multiplex bead-based immunoassay. The panel
allows the simultaneous quantification of 13 proteins, including cytokines and bone-
related mediators, in small plasma volumes. Standard curves were constructed for
osteoprotegerin (OPG), osteopontin (OPN), platelet-derived growth factor-BB (PDGF-
BB), alkaline phosphatase (ALPL), tartrate-resistant acid phosphatase 5 (ACP5), leptin,
receptor activator of nuclear factor-«B ligand (RANKL/TRANCE), tumor necrosis factor-
o (TNF-a), interleukin-6 (IL-6), parathyroid hormone (PTH), interleukin-1p (IL-1B), bone
morphogenetic protein-2 (BMP-2), and Dickkopf-1 (DKK-1). Data acquisition was
performed using a BD FACSCanto Il cytometer (BD Biosciences, San Jose, CA) and
analyte concentrations were determined based on standard curves generated from
serial dilutions of provided standards, according to the manufacturer’s instructions,
mean fluorescence intensity (MFI) was plotted against known analyte concentrations
and curves were generated using a five-parameter logistic (5-PL) regression model.
Data analysis was conducted using the LEGENDplex™ Data Analysis Software, with
concentration values expressed in pg/mL. Quality control procedures, including bead
count thresholds and standard curve acceptance criteria, were applied according to

the manufacturer’s recommendations.

Proteomics

Sample processing for proteomic analysis

Plasma samples were collected and processed for proteomic analysis. The filter aided

sample preparation (FASP) was performed as we have previously reported.' Plasma



volume corresponding to a total protein content of 200 ug for each sample was mixed
with 200 pL of urea buffer (8 M Urea in 0.1 M Tris—HCl pH 8.5; UA buffer), reduced with
10mM DTE for 20 min RT and placed in Amicon filter units (0.5 ml, 30 kDa MW cutoff).
The units were centrifuged at 14,000 x g for 15 min twice and the flow-through was
discarded. Subsequently, 100 pL of 0.05 M lodoacetamide in UA buffer were added
and incubated for 20 min in the dark at room temperature (protein alkylation). The
filter units were centrifuged at 14,000 x g for 10 min, the flow through was discarded,
washed with equivalent volume of UA buffer and centrifuged again. Afterwards, 100
uL of ammonium bicarbonate buffer (50 mM NH4HCOs in ultrapure water, pH 8.5)
were added to the filter unit and centrifuged at 14,000 x g for 10 min twice. Finally,
the samples were trypsinized in a humidity container overnight at room temperature
in the dark using a solution of 50 mM NH4HCOs3 pH 8.5, and trypsin to protein ratio
1:100 (w/w). Elution of the peptides was performed after centrifugation of the filter
units at 14,000 x g for 10 min. Centrifugation was repeated after a second addition of
40 pL 50 mM NH4HCOs pH 8.5 into the filter units. Eluted peptides were lyophilized

and stored at - 80 °C until analysis.

All LC-MS/MS experiments were conducted using the Dionex Ultimate 3000 UHPLC
system coupled with the high-resolution nano-ESI Q-Exactive Plus - Orbitrap mass
spectrometer (Thermo Scientific, Waltham, MA). Each sample was reconstituted in 100
uL of mobile phase A (98% water, 2% acetonitrile and 0.1% formic acid), and then
diluted to 0.2 pg/uL. A 5 L volume, equivalent to 1 pg of protein, was injected and
loaded onto an PepMap Neo C18 5 um trapping column (300 um x 5 mm, 1500 bar)
using the micro-injection PickUp method, with the loading pump operating at a flow

rate of 30 uL/min. For peptide separation, the Acclaim PepMap 100 column (75 pm x
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50 cm, nanoViper, C18, 3 um, 100 /3\) was used, connected to a PicoTip emitter, with a
multi-step gradient elution. The mobile phase A consisted of 2% acetonitrile with 0.1%
formic acid, and mobile phase B consisted of 80% acetonitrile, 0.1% formic acid.
Peptides were eluted under a 250-min gradient from 2% (B) to 95% (B). The flow rate
and column temperature were set to 300 nL/min and 40°C, respectively. The transition
to the gas phase of the separated peptides was achieved by positive ion spray, applying
a voltage of 1.8 kV. For each MS scan, the 20 most abundant multiply charged
precursor ions between the m/z ratio of 380 and 1200, were selected for FT mass
analysis at a resolution of 70,000 and subjected to higher-energy collision dissociation
(HCD). The combined mass spectrum was recorded with FT analysis at a resolution of
17,500. The normalized collision energy was set at 30, and previously targeted
precursor ions were dynamically excluded for further isolation and activation for 15

seconds®.

MS data processing and guantification

Raw files were analyzed with the Proteome Discoverer 1.4 software package (Thermo
Finnigan, Bremen, DE), using the Sequest search engine and the Uniprot Human
(Homo sapiens) reviewed database, downloaded on November 22, 2024, including
20,647 protein entries. The search was performed using carbamidomethylation of
cysteine as static and oxidation of methionine as dynamic modifications. Two missed
cleavage sites, a precursor mass tolerance of 10 ppm and fragment mass tolerance of
0.05 Da were allowed. False discovery rate (FDR) validation was based on q value:
target FDR : 0.01°. Quantification was performed at the peptide level employing a

clustering approach as previously described ®’. Label free quantification was



performed by utilizing the precursor area values of each protein as defined by the
Proteome Discoverer 1.4 software package. Samples were analyzed individually and
assigned to distinct groups. For a small number of peptide sequences where no
peptide precursor area could be retrieved (although the peptides were identified) the
missing values were replaced by zero. If a peptide was not identified in a particular
sample the missing values were replaced by zero. For the quantitation-statistical
analysis, only the peptides which were present in at least 25% of the samples in at
least one group were further considered. The precursor area values were subjected to
the following normalization method within each sample prior quantification analysis:
normalized peak area = (peptide peak area/sum of peptides peak area) x 10°. Protein
expression values were calculated as the sum of all the normalized peptide areas that
were assigned for a given protein. P value £0.05 was considered statistically significant.
Differential protein expression analysis was performed using the ProtE R package?.
Pathway enrichment analysis of proteins of interest was conducted using the web-

based GEne SeT Analysis Toolkit (WebGestalt) >0,

Genomics

Clonal plasma cell and bulk cells sorting

Clonal plasma cells and non-clonal BM populations were sorted from a sub-cohort of
n=25 NDMM patients. Cryopreserved BM mononuclear cells of these patients were
stored at diagnosis in liquid nitrogen in cryovials containing 90% fetal bovine serum
(FBS) and 10% dimethyl sulfoxide (DMSO). For thawing, vials were rapidly transferred

from liquid nitrogen to a 37°C water bath and gently agitated until just a small ice



crystal remained (approximately 1-2 min). Thawed cells were immediately transferred
into 15 mL conical tubes containing 10 mL of pre-warmed RPMI-1640 medium
supplemented with 10% FBS, added dropwise to minimize osmotic shock. Cells were
then centrifuged at 1500 x g for 5 min at room temperature. The supernatant was
carefully aspirated, and the cell pellet was resuspended in PBS/ 1% FBS/ 2 mM EDTA.

Cell viability and concentration were assessed using Trypan Blue exclusion.

Flow cytometry and cell sorting were performed on a BD FACSMelody™ (BD
Biosciences). Live, single cells were gated using FSC-A/FSC-H and SSC-A parameters.
To isolate clonal plasma cells from BM nucleated cells, we employed five key surface
markers: CD38, CD45, CD19, CD56, and CD117. Regarding the gating strategy, we first
gated on single cells using forward scatter (FSC) and side scatter (SSC) parameters. We
then selected the CD38*CD459™" population within the singlet gate to include all
plasma cells. Subsequently, we identified clonal plasma cells by gating on the
CD19°CD56* subset. In samples where clonal plasma cells were known to express
CD117, an additional gate was applied to isolate the CD117* population
(Supplementary figure 6). Plasma cells and bulk were sorted into sterile tubes
containing cold RPMI-1640 medium. Sorted cells were pelleted and used immediately

for downstream DNA/RNA extraction.

DNA isolation from sorted cells

Total DNA was isolated from sorted cell samples using the NucleoSpin® TriPrep kit
(Macherey-Nagel, Germany) following the manufacturer’s protocol. Cells were lysed

in 350 uL Buffer RP1 supplemented with 3.5 uL B-mercaptoethanol to inactivate



RNases, DNases, and proteases. After thorough vortexing, the lysate was filtered
through a NucleoSpin® Filter and transferred to a fresh tube. Next, 350 uL of 70%
ethanol was added to the lysate to facilitate binding of nucleic acids to the silica
membrane. The entire volume was applied to a NucleoSpin® TriPrep Column and
centrifuged to bind DNA and RNA to the membrane while proteins were collected in
the flow-through. DNA was first purified by washing the column twice with 500 pL
DNA Wash buffer, followed by a drying step. DNA was then eluted in 100 pL of DNA
Elute buffer, incubated for 1 min, and centrifuged. This step yielded high-molecular-
weight genomic DNA suitable for downstream applications such as PCR and restriction
digestion. After DNA elution, the column was treated with an on-column DNase
digestion step to eliminate residual DNA prior to RNA elution. A 95 pL reaction mixture
containing reconstituted rDNase and DNase buffer was directly applied to the
membrane and incubated at room temperature for 15 min. The column was then
washed sequentially with 200 uL RA2 buffer, 600 puL RA3, and 250 uL RA3, with
centrifugation at each step. RNA was eluted in 60 uL of RNase-free water by
centrifugation, yielding high-integrity RNA suitable for reverse transcription and
guantitative PCR. Both DNA and RNA eluates were handled under RNase- and DNase-
free conditions and stored at —20°C for short-term or —70°C for long-term use. All

procedures were conducted at room temperature unless otherwise stated.

Whole-exome sequencing and variant analysis

Whole-exome sequencing (WES) was performed in genomic DNA isolated from the
sorted clonal plasma cells and from bulk BM nucleated cells (BMNCs), serving as the

non-clonal comparator. Library preparation and whole exome enrichment were



performed using the Twist Library Preparation EF Kit and the Twist Target Enrichment
Standard Hybridization v2 Protocol (Twist Bioscience, USA) following the
manufacturer’s instructions. Briefly, 50 ng genomic DNA was enzymatically
fragmented, end-repaired, A-tailed and ligated to sequencing adapters containing
unique dual indices (Twist UDI Primers). Adapter-ligated fragments were amplified by
limited-cycle PCR and were purified using magnetic beads. Library quality and
fragment size distribution were assessed using the Agilent Fragment Analyzer (Agilent,
Santa Clara, CA, USA), targeting an average library size of approximately 300 bp prior
to hybridization. Hybridization-based capture of exonic regions was performed using
biotinylated probes (Twist Comprehensive Exome Panel) specific to the human exome,
and probe-library complexes were retrieved using streptavidin magnetic beads. The
quality and size distribution of final libraries were again confirmed on the Agilent
Fragment Analyzer (Agilent, Santa Clara, CA, USA). Libraries were quantified using the
KAPA Library Quantification Kit for Illumina® Platforms (Roche, Basel, Switzerland).
Sequencing was performed on the Illumina NextSeq 2000 platform (lllumina, San
Diego, CA, USA) to generate 150 bp paired-end reads, achieving a mean coverage
depth of 90X. Sequencing reads underwent quality control with FastQC, to assess base
quality, GC content and adapter contamination. Reads were aligned to human genome
assembly GRCh37 using the DRAGEN Enrichment App (Illumina, USA), which also
performed variant calling for single nucleotide variants (SNVs) and small
insertions/deletions. Filtering criteria included exclusion of variants showing strand
bias (strand bias score # -100), low allele frequency (<2%), or poor-quality scores. Also,
mapping quality threshold (>30) was set to exclude low-confidence reads, thereby

reducing the inclusion of sequencing artifacts. Variant annotation and filtering were

10



performed using ANNOVAR tool with population (e.g., gnomAD) and clinical (e.g.,
ClinVar) databases and Franklin database to prioritize variants based on frequency and

pathogenicity for downstream interpretation.

Univariate survival analysis according to genomic variants

Univariate survival analyses were performed to evaluate the association between
individual genomic variants and clinical outcomes, overall survival (OS) and time to
progression (TTP). For each variant, patients were stratified into wild-type and
mutated groups. Kaplan—Meier survival curves were generated for each comparison,
and differences between groups were assessed using the log-rank test. Survival
analyses were conducted using R. Multiple testing correction was applied using the
Benjamini—Hochberg false discovery rate (FDR) method. Censoring was appropriately
handled in all survival analyses, with tick marks on Kaplan—Meier curves indicating
censored observations rather than death or progression events. Summary statistics,
including log-rank p-values and FDR-adjusted p-values, were systematically exported

for downstream interpretation.

Associations between genomic variants and clinical characteristics

Associations between genomic variants and clinical or disease-related categorical
variables were evaluated using contingency table—based statistical testing. For each
variant, patients were grouped according to mutation status (wild-type vs mutated),
and comparisons were performed against clinical variables including MBD status, the
Revised International Staging System (R-ISS) at diagnosis, the presence of osteolytic
lesions, sex, magnetic resonance imaging (MRI) pattern, and cytogenetic risk category.
Given the small sample size, Fisher’s exact test was applied for all comparisons. When

11



numerical variables were present, the appropriate statistical test was automatically
selected; however, all variables included in the present analysis were categorical. To
account for multiple hypothesis testing, p-values were adjusted using the Benjamini—

Hochberg FDR method.
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Supplementary tables

Supplementary Table 1: Baseline NDMM patient characteristics stratified by the
presence of MBD. NDMM, newly diagnosed multiple myeloma; MBD, myeloma bone
disease; ECOG PS, Eastern Cooperative Oncology Group Performance Status; ISS,
International Staging System; R-ISS, Revised International Staging System; WBC, white
blood cell count; ANC, absolute neutrophil count; ALP, alkaline phosphatase; LDH,
lactate dehydrogenase; HDM-ASCT, high-dose melphalan with autologous stem cell

transplantation; IMiD, immunomodulatory drug; Pl, proteasome inhibitor; mAb,

monoclonal antibody.
Variable MBD (n=46) Absence of MBD (n=25) | p-value
Age — median (years) 65 (49-88) 65 (46—89) 0.995
Female sex — n (%) 26 (54.2) 13 (56.5) 0.715
ECOG PS 22 —n (%) 7 (15.2) 3(12.0) 0.988
ISS —n (%) 0.026
1 24 (52.2) 13 (52.0)
2 10 (21.7) 11 (44.0)
3 12 (25.0) 1(4.0)
R-1SS - n (%) 0.040
1 19 (41.3) 8 (32.0)
2 20 (43.5) 17 (68.0)
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3 7 (15.2) 0(0.0)
High-risk cytogenetics — n (%) 20 (43.5) 9 (36.0) 0.925
Osteolytic lesions — n (%)

1-3 19 (41.3) -

4-10 8 (17.4) -

>10 19 (41.3) -
Hemoglobin (g/dL) 11.3 (6.2-13.4) 11.9 (8.6-15.0) 0.964
WBC (x109L) 5.5 (0.7-16.5) 6.4 (2.7-10.4) 0.393
ANC (x10%L) 3.0 (1.2-13.8) 3.4(1.4-7.6) 0.620
Platelets (x10%L) 239 (138-425) 231 (15-708) 0.426
Urea (mg/dL) 37 (20-69) 36 (14-65) 0.953
Albumin (g/dL) 3.9 (2.9-4.8) 3.8(3.0-4.7) 0.680
Creatinine (mg/dL) 0.8 (0.5-2.5) 0.9 (0.5-1.9) 0.973
ALP (1U/L) 66 (36-184) 57 (27-177) 0.457
Calcium (mg/dL) 9.4 (8.2-13.3) 9.2 (8.2-10.4) 0.312
Bone marrow infiltration (%) 40 (4-100) 60 (12-95) 0.127
Serum B2-microglobulin (mg/L) | 3.2 (1.2-15.0) 2.7 (1.4-5.9) 0.400
LDH (1U/L) 164 (60-309) 143 (101-1692) 0.303
Heavy chain type — n (%) 0.979
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IgG 33(71.7) 18 (72.0)

IgA 11 (23.9) 6 (24.0)

Light chain only 2 (4.3) 1(4.0)
Light chain type — n (%) 0.142

K 32 (69.6) 13 (52.0)

A 14 (30.4) 12 (48.0)
M-protein (g/dL) 2.9 (0.0-5.7) 2.8 (0.0-6.6) 0.761
IgG (mg/dL) 2055 (208-7210) | 1605 (3-9290) 0.998
IgA (mg/dL) 58 (22-5160) 82 (22-4820) 0.579
IgM (mg/dL) 20(11-199) 20(17-81) 0.794
HDM-ASCT —n (%) 11 (23.9) 6 (24.0) 0.547
Treatment — n (%) 0.544

IMiD-based 1(2.2) 2 (8.0)

Pl + IMiD 17 (37.0) 7 (28.0)

mAb-based 25 (54.4) 15 (60.0)

Chemotherapy 3(6.5) 1(4.0)
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Supplementary Table 2: Statistical analysis for clinical outcomes for the circulating

markers quantified by ELISA or LEGENDplex in newly diagnosed multiple myeloma

patients.Cl: confidence interval;, HR: Hazard ratio

A. ELISA

Univariable

Univariable

Multivariable

Multivariable

Protein | Endpoint | Optimal cutoff| Median |Mediansurvivall | o | Univariable| g0 g5 | Univariable | Multivariable) = oo, ) 95%Cl  |Multivariable p| Adiusted | Adjusted
survival (low) (High) HR (Lower) (Upper) P HR {Lower) (Upper) log-rank p|univariable p
Sema D PFS 12.29 1435.00 502.00 0.01 2.76 1.23 6.18 0.01 3.03 1.06 8.66 0.04 0.04 0.06
Sema D TTP 13.15 588.50 0.03 2.95 1.06 8.22 0.04 3.62 0.99 13.29 0.03 0.06 0.09
Periostin TTP 196.78 816.00 0.04 0.36 0.13 0.99 0.05 0.38 0.12 1.15 0.09 0.07 0.10
Periostin PFS 196.78 816.00 0.23 0.61 0.27 1.38 0.24 0.45 0.17 1.22 0.12 0.24 0.29
Activin A PFS 170.62 842.00 0.16 0.26 0.04 1.94 0.19 0.27 0.03 2.18 0.22 0.19 0.24
Activin A TTP 100.68 1435.00 0.13 0.24 0.03 1.81 0.17 0.28 0.03 2.32 0.24 0.17 0.23
Periostin 0s 545.45 1788.00 0.00 6.02 1.60 22.66 0.01 0.60 0.07 5.32 0.64 0.02 0.05
Activin A (013 34.53 0.22 3.41 0.42 27.76 0.25 1.52 0.16 14.48 0.72 0.24 0.20
Sema D 0S 13.15 0.20 0.00 0.00 Inf 1.00 0.00 0.00 Inf 1.00 0.22 1.00
B. Multiplate Analysis
Protein Endpoint | Optimal cutoff I\a‘-ledian Median. survival Log-rank p Univariable U";‘;::Z:’IE U":;:;';:’IE Univariable | Multivariable MUIB“E‘;:T:IEHE Mu:;/:rcllahle Multivariable p Adjusted 5dju.sied
survival (low) (High) HR (Lower) (Upper) P HR (Lower) (Upper) log-rank p|univariable p

ACPS TTP 5203.20 885.00 0.02 0.25 0.07 0.85 0.03 0.16 0.04 0.59 0.01 0.10 0.23
DKK-1 TTP 1868.70 885.00 1435.00 0.07 0.37 0.12 1.11 0.08 0.24 0.07 0.86 0.03 0.16 0.28
OPG (013 3996.61 0.01 5.08 1.38 18.75 0.01 10.82 1.29 90.65 0.02 0.07 0.21
RANKL PFS 331.19 775.00 0.14 1.97 0.79 4.90 0.14 4.53 1.13 18.08 0.03 0.19 0.28
IL-1B PFS 3.35 675.00 0.00 5.18 1.81 14.87 0.00 5.55 1.14 27.03 0.03 0.02 0.11
ACP5 PFS 5203.20 791.00 0.09 0.48 0.20 1.15 0.10 0.37 0.14 0.99 0.05 0.19 0.28
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Supplementary Table 3: Statistical comparison of circulating bone metabolism markers
measured by the LEGENDplex™ Human Bone Metabolism Panel between patients with
and without multiple myeloma—-related bone disease (MBD) using the Mann—Whitney
U test. ACP5, Acid Phosphatase 5; ALPL, Alkaline Phosphatase; DKK-1, Dickkopf-related
Protein 1; IL-18, Interleukin-1 beta; IL-6, Interleukin-6; OPG, Osteoprotegerin; OPN,
Osteopontin; PDGF-BB, Platelet-Derived Growth Factor BB; PTH, Parathyroid Hormone;

RANKL, Receptor Activator of Nuclear Factor Kappa-B Ligand; TNF-a, Tumor Necrosis

Factor alpha.
Protein P_value | Adj_P_value
ACP5 0.228 0.448
ALPL 0.522 0.679
DKK-1 0.062 0.401
IL-1B 0.566 0.679
IL-6 0.125 0.401
Leptin 0.243 0.448
OPG 0.555 0.679
OPN 0.150 0.401
PDGF-BB | 0.236 0.448
PTH 0.143 0.401
RANKL 0.626 0.715
TNF-a 0.740 0.808
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Supplementary Table 4: Association of circulating bone metabolism markers with the
presence of osteolytic lesions across disease stages (SMM/MGUS and NDMM). ACP5,
Acid Phosphatase 5; ALPL, Alkaline Phosphatase; DKK-1, Dickkopf-related Protein 1, IL-
18, Interleukin-1 beta; IL-6, Interleukin-6; OPG, Osteoprotegerin; OPN, Osteopontin;
PDGF-BB, Platelet-Derived Growth Factor BB; PTH, Parathyroid Hormone; RANKL,

Receptor Activator of Nuclear Factor Kappa-B Ligand; TNF-a, Tumor Necrosis Factor

alpha.
Protein P_value | Adj_P_value
ACP5 0.283 0.796
ALPL 0.747 0.833
DKK-1 0.727 0.833
IL-1B 0.764 0.833
IL-6 0.244 0.796
Leptin 0.532 0.796
OPG 0.078 0.796
OPN 0.153 0.796
PDGF-BB 0.394 0.796
PTH 0.287 0.796
RANKL 0.490 0.796
TNF-a 0.741 0.833
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Supplementary Table 5: Statistical comparison of circulating markers between
patients with and without multiple myeloma-related bone disease (MBD) using the
Mann—Whitney U test. L1TD1, LINE-1 Type Transposase Domain Containing 1; SHTN1,
Shootin 1; MYH16, Myosin Heavy Chain 16; GIGYF2, GRB10 Interacting GYF Protein 2;
B2M, Beta-2-Microglobulin; ARFGEF3, ADP-Ribosylation Factor Guanine Nucleotide
Exchange Factor 3; F12, Coagulation Factor XIl; AMBP, Alpha-1-Microglobulin/Bikunin
Precursor; ARAP3, ArfGAP with RhoGAP Domain, Ankyrin Repeat and PH Domain 3;
FHOD1, Formin Homology 2 Domain Containing 1; HSPA1L, Heat Shock Protein Family

A (Hsp70) Member 1 Like.

Protein P_value Adj_P_value
L1TD1 0.0005 0.13861
SHTN1 0.0021 0.31573
MYH16 0.0093 0.70729
GIGYF2 0.0094 0.70729
B2M 0.0147 0.88619
ARFGEF3 0.0227 1.00000
F12 0.0268 1.00000
AMBP 0.0282 1.00000
ARAP3 0.0348 1.00000
FHOD1 0.0358 1.00000
HSPA1L 0.0440 1.00000
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Supplementary figures
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Supplementary Figure 1. Univariate Kaplan—Meier survival analysis according to
periostin levels in newly diagnosed multiple myeloma (NDMM) patients. Kaplan—
Meier curve for overall survival (OS) stratified by periostin levels (high vs low). Patients
were dichotomized based on an optimal cutoff value which was defined via maximal
ranked statistics. Survival differences between groups were evaluated using the log-

rank test.
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Supplementary Figure 2. Standard curves of the LEGENDplex™ Human Bone
Metabolism Panel. Representative standard curves generated for the quantitative
determination of bone metabolism—related analytes using the LEGENDplex™ Human
Bone Metabolism multiplex assay. Standard curves were constructed for
osteoprotegerin (OPG), osteopontin (OPN), platelet-derived growth factor-BB (PDGF-
BB), alkaline phosphatase (ALPL), tartrate-resistant acid phosphatase 5 (ACP5), leptin,

receptor activator of nuclear factor-kB ligand (RANKL/TRANCE), tumor necrosis factor-
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o (TNF-a), interleukin-6 (IL-6), parathyroid hormone (PTH), interleukin-186 (IL-18), bone
morphogenetic protein-2 (BMP-2), and Dickkopf-1 (DKK-1). Serial dilutions of assay
standards were analyzed according to the manufacturer’s instructions, and mean
fluorescence intensity (MFI) was plotted against known analyte concentrations. Curves
were generated using a five-parameter logistic (5-PL) regression model and were used

for the calculation of analyte concentrations in experimental samples.
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Supplementary Figure 3. Alterations in circulating bone metabolism—related markers
associated with myeloma bone disease (MBD). Circulating levels of Dickkopf-related
protein 1 (DKK-1) in the NDMM patients. Mann—Whitney U test between patients with

and without MBD.
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Supplementary Figure 4. Reactome pathway enrichment analysis of proteins
associated with the number of osteolytic lesions per patient. Although these proteins
showed nominal significance, they did not remain significant after false discovery rate

(FDR) correction. Enrichment analysis was conducted using WebGestalt.
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Supplementary Figure 5. Kaplan—Meier survival analysis for genomic variants
associated with clinical outcomes. (A, B) Overall survival (OS) curves for patients
carrying the MUC22 c.4296T>C (synonymous, possibly benign, non-somatic) and
GCNT1 ¢.1103C>T (non-synonymous, possibly benign, somatic) variants, which
remained significantly associated with OS following adjustment for multiple testing. (C,
D) Time to progression (TTP) curves for variants in HLA class Il genes: HLA-DRB5

€.300_306delinsCGGG (non-frameshift, possibly pathogenic, non-somatic) and HLA-
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DQB1 c¢.317 _319delinsCGG (non-synonymous, of uncertain significance, somatic),
associated with inferior TTP. (E, F) TTP curves for additional variants associated with
worse outcomes: NPIPB11 c.1659G>C (synonymous, likely benign, non-somatic) and

OR2T8 c.152_154delinsGCA (non-synonymous, of uncertain significance, somatic).
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Supplementary Figure 6: Gating strategy for the sorting of clonal cells from
cryopreserved bone marrow nucleated cells. Gated cells in green are an example of the
selected clonal plasma cells, while gated cells in red are the bulk population of the bone

marrow. APCs, aberrant plasma cells.
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